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INFLUENCE OF BIOIRRIGATION ON METAL DISTRIBUTION WITHIN
BURROWS
Terri Shattuck, M.S.
Western Michigan University, 2008
Bioirrigation is the increase of solute transport resulting from
introduction of oxygenated water from the surface into the more reduced
environment deep within the burrow. Fe and Mn hydr-(oxides) accumulate
on burrow margins in response to the oxygen flux into suboxic porewaters.
This has been shown to trap trace metals (Harding and Risk, 1986; Tessier and
Campbell, 1988; Tessier et al., 1979, 1982). The diagenesis, mobility, and
transport of metals contribute to the bioavailability of metals in the
environment possibly to the extent of harming ecosystems; especially in
coastal areas with buried waste. This study assesses Fe and trace metal
speciation due to bioirrigation in and near burrows collected off the coast of
Georgia and Washington. Pleistocene shrimp burrows from Sapelo Island,
GA, are compared to modern burrows of the shrimp Upogebia from
Washington to assess the difference between climates during diagenesis.
Metal speciation from crab burrows collected from a saltmarsh in Georgia is
compared to the modern shrimp species to assess differences in burrowing
organisms.
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CHAPTERl
INTRODUCTION
1.1 Background
Marine environments are dynamic and complex ecosystems that play
a major role in the global cycling of nutrients and metals. Over 75% of the
earth's surface is covered by marine sediment and these constitute a major
interface for solute exchange (Koretsky et al., 2005). Coastal systems such as
salt marshes and tidal flats are not only important in nutrient cycling, but
provide nursing grounds for shellfish and fish (Mitchell and Gosslink, 2000) as
well as protect the mainland from storms. Some nutrients and metals are
essential to the plants and animals that live within these environments while
other metals such as Pb, As, and Cd could be toxic, depending on their
chemical form and concentration (Bruins et al., 2000). Knowing the
characteristics (grain size, mineralogy, and organic carbon) and the diagenetic
history (including redox conditions) of a given sediment is important in
determining the concentration and bioavailability of toxic metals (Matisoff et
al., 1985; Rae, 1997).
In coastal ecosystems, macrofauna can rework sediments by
burrowing and feeding and may have had a major impact on global cycling
of nutrients over geologic time (Koretsky et al., 2005). Burrows are
ubiquitous in marine sediments and the surface area where geochemical
reactions occur is increased several fold when burrows are present (Koretsky
et al., 2005; Kristensen and Kostka, 2005). While there have been many
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studies on the reactions taking place along the sediment surface, studies
within and surrounding burrows is lacking.
The few studies on burrowed sediment have demonstrated an increase
of metals along the burrow margins compared to the surrounding sediment.
An early study by Aller and Yingst (1978) on a polychaete burrow found
elevated concentrations of Fe, Mn, Zn, acid-volatile sulfides (mackinawite and
greigite) and non-volatile sulfides (pyrite, elemental sulfur, and organics) in
the sediment immediately adjacent to the burrow. A Harding and Risk (1986)
microprobe analyses on Silurian and Holocene trace fossils found an increase
of cations along the fossil margins suggesting a biological origin. Abu-Hilal et
al. (1988), Over (1990) and recently, Klerks et al. (2007) also found high
concentrations of metals within burrow walls due to the activity of
burrowing organisms. Fossilized burrows show that metals are retained
within the burrow walls and demonstrate that these structures could be
important in metal sequestering and its use as a remediation technique.
These studies reveal the need for further study on metal accumulation within
modern and ancient burrows.
Metal accumulation and concentration within burrow margins may
depend on factors such as the type of macrofuana, the type of sediment, and
the source of metals. The rate of respiration and irrigation of burrows will
depend on species type and their requirements for oxygen and feeding (Aller
2001). The complexity of burrow morphology and the depth of burrowing
will determine whether oxygenated water will be irrigated through the
burrow to remove metabolites and to contribute a fresh source of metals.
2

Organic matter accumulation along burrow walls will differ between different
species. Some macrofauna secrete a mucoid-lining while others use organic
matter from the surface sediment to line the burrow walls during burrow
construction; some species do neither. Previous research suggests that the
decomposition of organic matter coupled with bacterial respiration is a major
contributor to the high increase of metals in burrow walls (Aller and Yinst,
1978).
In marshes and tidal flats, clay minerals such as kaolinite and
montmorillinite are common and are known to adsorb trace metals (Over,
1990). Sandy atolls and beaches may also have high metal concentrations
since iron coatings around silica grains are also known to sequester metals
(Harding and Risk, 1988). Iron is ubiquitous in nature and the oxidized form,
Fe3+ , readily hydrolyzes and precipitates to form oxyhydroxides that are
known to have a highly reactive surface that scavenges trace metals
(Dzombak and Morel, 1990; Warren and Haack, 2001). The fine-grained
sediment of marshes will also have a larger surface area for geochemical
reactions to take place compared to the coarser grained sandy beaches.
Metals are also known to have higher concentrations in near-shore
environments (Over, 1990); especially around industrial areas. Buried
material in the ocean may also be a risk as demonstrated by buried
radionuclides surfacing at Bikini and Enewetak atolls by burrowing shrimp
(Over, 1990). Since near-shore environments are important feeding and
breeding grounds for shellfish, determination of the bioavailability of metals
within burrows is important.

3

This study will explore how bioturbation/bioirrigation influence the
redox-sensitive distribution of iron and associated trace metals within and
surrounding the burrows of a modern shrimp from a tidal flat in Washington
and ancient shrimp from a sandy bluff on Sapelo Island, Georgia. The
working hypothesis is that the abundance of redox-sensitive phases such as
iron and associated trace metals will differ between the burrow wall
microenvironment and the bulk sediment. Furthermore, comparisons of
trace metal distributions within fossilized shrimp burrows and modern
shrimp burrows will yield information regarding the behavior and habitat at
the time of the Pleistocene burrow formation. Trace metal distributions from
modern fiddler crab burrows from a salt marsh on Sapelo Island will also be
used to illustrate any differences that burrowing fauna and their activities
might have in altering the distribution and concentration of trace metals.

1.2 Bioirrigation
The sediment-water interface in marine systems is the boundary
where benthic fluxes of solutes and solids occur. In areas with high
concentrations of burrowing organisms, the burrow-sediment interface is
also a potential site for a large quantity of solute exchange. Burrowing·
organisms facilitate the exchange of solutes by intermittent pumping of water
from above to deep within the sediments, commonly referred to as
bioirrigation. This process is demonstrated in figure 1.1. Revsbech et al.
(1980) found that bioirrigating organisms such as polychaetes, shrimp, and
clams brought oxygen to 5 - 10 cm depth while diffusion and turbulence
4

brought oxygen to only 1 cm depth in sandy, marine sediments. The
introduction of oxygen into the reduced environments results in reoxidation
of reduced products, removal of metabolites, (Koretsky et al., 2005; Meile et
al., 2001) and can facilitate organic matter degradation and remineralization
(Howarth and Hobblie, 1982; Canfield, 1994).

Overlying
Water

Ambient
Sedimen

BW

**

5 cm

Figure 1 Cross-section of burrow shows potential exchange of solutes from
the overlying water into surface sediments and across the burrow wall.
A major portion of the global cycling of metals and nutrients occurs in
near-shore marine and estuarine environments because of the influence of
bioirrigation in increasing the benthic flux rates within bottom sediments
(Aller, 2001). Kristensen and Kostka (2005) suggest that bioirrigation may be
important in driving C, N, Fe, and S cycles within salt marshes. Many models
have been used to describe the transport of chemical species within the upper
5

layers of sediment and between the burrow and surrounding pore waters
(Aller, 2001; Berner, 1980; Boudreau, 1997, 2005; Furukawa, 2005; Koretsky et
al., 2002, 2005; Meile and Van Cappellen, 2003; Meysman et al., 2005). These
models describe solute transport in near surface sediments as diffusive,
advective, and/ or non-local. Non-local transport is the result of burrowing
species moving sediment and the adsorbed nutrients and metals or solutes
between non-adjacent points in an "essentially" instantaneous timeframe
(Boudreau, 1997). The burrow network.system provides increased surface
area for solute exchange between the flushed water and pore waters within
the bulk sediment (Cerino et al, 1993; Koretsky et al., 2002; Kristensen and
Kostka, 2005). Kristensen and Kostka (2005) suggest that burrows increase
the sediment-water contact by 50 - 400%, compared to flat, unburrowed
sediment-water interfaces. Major solute exchange across the burrow-water
interface is apparent within occupied burrows that are actively irrigated.
Relict burrows, however, do not have a major influence on bulk pore water
solute distributions except when close together and abundant (Aller, 1984).
Flushing of the burrows is an active or passive process depending on
the type of benthic fauna. In addition to the advection and molecular
diffusion that occurs in non-bioturbated sediments, the burrowing habitats,
feeding activities, and ventilation of the burrow all enhance the exchange of
solutes across the sediment-water interface (Aller, 2001; Matisoff and Wang,
1998). Fiddler crabs (Uca spp.), shrimp and polychaetes are the most
abundant macrofauna in the salt marsh on Sapelo Island (Basan and Frey,
6

1977) and thus are presumably the main contributors to bioirrigation (Allen
and Curran, 1974) and have a major impact on elemental cycling (Meile et al.,
2001; Kostka et al., 2002; Koretsky et al., 2002). Fiddler crabs do not actively
flush their burrows, so irrigation is due mainly to passive flow during high
tides (Koretsky et al., 2002). They rework the upper few centimeters of
sediment at the surface while feeding and retreat and plug up their burrows
during high tide, when predators attack (Kristensen and Kostka, 2005), or
during breeding (Christy, 1982). The abundant polychaetes irrigate their
burrows intermittently (every few minutes) for respiration purposes (Aller,
2001) and their dense populations, especially along creek banks (Basan and
Frey, 1977; Koretsky et al., 2002), make them significant contributors to
solute exchange between the sediment-water interface. Shrimp species such
as Callianasa and Upogebia do actively irrigate the burrows due to feeding
activities and habitat behavior (Kristensen and Kostka, 2005). These deposit
or suspension-feeders continuously move sediment in search of food or in
the construction of the burrow itself (Boudreau, 1997) thus flushing the
burrow in the process. Suspension feeders also process a large volume of
water compared to deposit feeders (Matisoff and Wang, 1998).
Irrigation of burrows also depends on the shape of the burrows that
can vary greatly among Thalianassid species. U- or Y-shape burrows allow
easy passage of oxygenated water through the burrow near the surface
(Kristensen and Kostka, 2005). The deeper parts of the burrow become
anoxic and the organism will have to move towards the oxygenated part of
the burrow after some time below thus flushing out the accumulated
7

metabolites and introducing oxygenated water at depth (Boudreau and
Jorgensen, 2001; Kristensen and Kostka, 2005). Some organisms have solved
this problem by using their bodies to pump water in and out of the burrow
(Aller and Yingst, 1978; Matisoff and Wang, 1998) or by transporting oxygen
from the oxic areas through their vascular system into the anoxic waters
(Toulmond, 1991; eg. Kristensen and Kostka, 2005). Bioirrigation is a complex
process that has a major influence on the exchange of metals and nutrients
across the sediment-water interface.

1.3 Elemental Cycling
1.3.1 Organic Matter

Salt marshes and tidal flats are composed of mainly silt and clay
sediments and are known to have high organic matter content (Jickells and
Rae, 1997). Organic matter (OM) is the common denominator in the
biogeochemical reactions within sediment (Jickells and Rae, 2001). The
degradation of OM by microbes is coupled to the reduction of metals and
nutrients (Berner, 1980; Jickells and Rae, 1997; Kristensen and Kostka, 2005).
Within non-bioturbated sediments, vertical removal of terminal electron
acceptors is typically observed in the order O2>NO3->Mn(IV)>Fe(III) >SO4 2>HCO3- due to thermodynamic energetic favorability of coupling these to
organic matter oxidation. Based on the various respiration processes, vertical
oxic (aerobic respiration/ denitrification), suboxic (Fe and Mn reduction), and
anoxic (sulfate reduction, methanogenesis) zones can be delineated (Aller,
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2001). In bioirrigated sediments, discontinuous flushing creates fluctuations
in the process of oxidation and reduction reactions. Also, bioirrigation (and
bioturbation) rapidly mixes oxic water (and sediments) into deeper, anoxic
sediments. This results in overlapping of available electron acceptors and
microbial respiration pathways within the burrow wall (Kristensen and
Kostka, 2005) and can create lateral redox stratification, superimposed on the
vertical redox stratification described above.
Furukawa et al. (2004) found that organic matter degradation rates are
greater and deeper in vegetated and bioturbated sediments. The marsh plant,
Spartina, is the major supplier of organic matter in the saltmarshes of Georgia
(such as the site on Sapelo Island) (Kostka et al., 2000) although plankton and
algae are also major contributors in coastal sediments (Peterson and Howarth,
1987). The roots of vegetation such as Spartina influence OM oxidation by
bringing oxygen down into the sediment. Kostka et al. (2002) found that
areas with tall Spartina had more oxidized OM than in areas with short
Spartina. Macrofauna such as fiddler crabs, polychaetes, and shrimp also
transport OM into their burrows, further promoting respiration reactions in
the subsurface (Koretsky et al., 2002; 2005; Kristensen and Kostka, 2005).
Organic matter degradation and remineralization is linked to many
redox reactions in sandy material like those at Raccoon Bluff. D'Andrea et al.
(2002) studied organic matter fluxes and reactivity of a sandflat in South
Carolina and found that the permeability of the beds is ideal for high rates of
organic carbon cycling and remineralization. OM remineralization fluxes
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were comparable to nearby muddy sediments that are high in organic matter
(~20-170 mol m-2 d-1), but due to the high cycling within the permeable sandy
beds residual organic carbon was low (~0.04%).
Organic matter that lines burrow walls experiences enhanced
degradation rates due to redox oscillations within the burrow. The organic
lining is formed when organic material from the surface is flushed into the
burrow and from secretions from the organisms themselves and may be
encrusted with sand, shell debris, and plant material (Kristensen and Kostka,
2005). Macrofauna such as shrimp and polychaetes excrete a mucus-like
lining within the burrows that serves as a preferential habitat for microbial
activity, further promoting organic matter degradation and terminal electron
acceptor species reduction. This is especially important in sandy sediment
where residual carbon was found to be low (D' Andrea et al., 2002). The
lining within shrimp burrows had 4 - 5 times more organic carbon than the
surrounding sediment and was the focal point of bacterial reduction of
metals.
Linings within burrows may also affect the permeability of the burrow
wall and may result in preferential diffusion of ions (Aller, 2001; Kristensen
and Kostka, 2005). The semi-impermeable lined burrows can act as conduits
for oxygenated water to reach even deeper areas of an ano:xic burrow (Aller,
1984, 2001; Kristensen and Kostka, 2005). Other factors such as metal
accumulation along burrow walls, dense microbial populations, and type of

10

organic matter (labile vs. inert) can influence the permeability and thus the
reactions that take place (Furukawa, 2005).

1.3.2 Microbial Respiration

While organic matter is the unifying factor in biogeochemical
processes, microbial respiration is the driving force in organic matter
decomposition and remineralization (Aller, 2001) and is intimately coupled to
redox oscillations due to bioirrigation. Bacteria use carbon as an energy
source and to build cell structures (Todorova et al., 2005) and oxidize organic
matter by using oxidizing agents, or terminal electron acceptors, that are
more reduced Gickells and Rae, 2005). Bacteria and organic matter are also
known scavengers of trace metals. Reoxidation of reduced metals by bacteria
may help bind toxic metals to bacterial surfaces and prevent their release into
the environment. However, in anoxic sediments bacterial decomposition of
OM coupled to reduction of metals may result in release of toxic metals that
can be precipitated into other phases (Warren and Haack, 2001.

1.3.3 Aerobic Respiration

Berner (1980) describes the general sequence of microbial respiration
pathways in sediments as initiating with rapid depletion of oxygen near the
surface as aerobic bacteria engage in organic decomposition, according to:
Aerobic respiration
02 (aq) + CH20 (aq) - CO2 (aq) + H20 (I)
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(1)

Oxygen consumption is high in marine sediments (Kristensen and
Kostka, 2005) and bioirrigation increases the uptake by several orders of
magnitude when fauna are abundant (Meile and Van Cappellen, 2003).
Oxygen that is utilized solely by aerobic microbes (heterotrophic bacteria) is
thought to account for a large portion of organic oxidation, however
anaerobic respiration is thought to be as important or more important in
organic oxidation in marine sediments (Canfield, 1994; Kristensen and
Kostka, 2005). Sulfate reduction by anaerobic bacteria was thought to be the
dominating process of OM remineralization in many marine sediments
(Jorgensen and Boudreau, 2001), however, recent studies have brought to
light the importance of iron and manganese reducing bacteria in marine
sediments (Kostka et al., 2000). Kostka et al. (2000) found that microbial
reduction of Fe(III) coupled to organic carbon oxidation was important in
vegetated and bioturbated saltmarsh sediments while sulfate reduction was
relatively more important in nearby nonvegetated and nonbioturbated
sediments. Their study also showed that both Spartina roots and bioirrigation
· introduced oxygen to bulk suboxic or sulfidic depths in the sediment,
resulting in reoxidation of Fe(II) to amorphous Fe(III), thus enhancing Fe
reduction and total Fe cycling. In nonbioturbated sediment, oxygen uptake is
more often dominated by the influence of microbial sulfate reduction
(chemolithotrophs) as oxygen is consumed by reoxidation of sulfide diffusing
towards the surface (Jorgensen and Boudreau, 2001). Oxygen consumption
can also vary seasonally as demonstrated by Revsbech et al. (1980). They
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found that uptake is higher in summer than in winter due to decreased
temperature and a lower number of respiring organisms.

1.3.4 Nitrogen Cycling (nitrification, denitrification and dissimilatory
nitrate reduction)
Once oxygen is depleted through sediment uptake and aerobic
respiration, denitrification of nitrate may occur at the burrow-sediment
interface (Jorgensen and Boudreau, 2001). According to Kristensen and
Kostka (2005), the nitrification potential is much higher near burrows
compared to the ambient sediment due to the introduction of oxygenated
water, diffusion of N H4 + from ambient sediment (Jorgensen and Boudreau,
2001), and subsequent nitrification of the ammonium by nitrifying bacteria
found in organic matter lining the burrow walls according to Eqn. (2) from
Furukawa et al. (2004):
Nitrification
NH4\aql + 2O2 <aql - NO3-<aql + H2O0l + 2H\aql

(2)

The presence of nitrifying bacteria is enhanced by bioirrigation and is
correlated with high concentrations of Fe(III) and low concentrations of
sulfides (Kristensen and Kostka, 2005), consistent with the presence of
oxygen in the water within and near burrow walls. Denitrification occurs
within suboxic to anoxic conditions and reduces nitrate that comes from
overlying water or from nitrogen produced by nitrification (Jorgensen and
Boudreau, 2001). Although some ammonium that would be used for
nitrification is lost due to uptake by macrophytes, a signification portion is
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removed from sediment by nitrification due to bioirrigation (Kostka et al.,
2002). Denitrification is important in nitrate reduction and might be globally
important as a sink for nitrate (Kristensen and Kostka, 2005; Kostka et al.,
2002). The pathway of nitrate reduction coupled to organic matter oxidation
(denitrification or dissimilatory nitrate reduction) by bacteria can be
represented as follows (Berner, 1980; Jorgensen and Boudreau, 2001):
Detnitrification
4N03-(aql + SCH20(aql + 4/5H\9i - 2N2 (gl + 4HC03-(aql + C02 (aql
+ 3H2O0i

(3)

The reduction of nitrate can release N2 into the atmosphere where it
can be oxidized to produce NOx. This noxious gas can be further oxidized
and hydrolyzed to produce nitric acid that contributes to acid rain (Drever,
1997).

1.3.5 Iron and Manganese Cycling
Iron is one of the most reactive elements and is found in sediments in
both the oxidized form, Fe(III) and in the reduced form, Fe(II). Fe(III) is
generally found as an iron oxide and is relatively immobile. Most iron oxides
are crystalline except when Fe(III) hydrolyzes and precipitates into a poorly
crystalline Fe(III) oxyhydroxide, Fe(OH)3, providing a highly reactive surface
area for trace metal scavenging (Warren and Haack, 2001). This amorphous
iron is formed by the continuous reoxidation and recrystallization of Fe(II),
which is often enhanced in shallow organic-rich sediments by bioirrigation
and also by introduction of oxygen through vegetation roots (Kostka et al.,
2002). Fe(II) oxidation by oxygen is as follows (Berner, 1980):
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Fe(II) oxidation
Fe2+ ( aql + 1/ 402 (aql + 5/2H2O ol - Fe(OH)3 (sl + 2H\ aql

(4)

The precipitated iron, whether amorphous or crystalline, tends to
accumulate on the surface of quartz grains, organic matter, and bacteria walls
(Warren and Haack, 2001) and can subsequently be reduced by microbial
respiration of organic matter. The pathway of microbial reduction of iron
coupled to organic matter oxidation is as follows (Berner, 1980; Jorgensen and
Boudreau, 2001):
Fe(III) reduction
4Fe(OH)3 (sl + 7CO2 (aql + CH2O ( aql - 4Fe2\ aql + 3H2O Ol + 8HCO3- (aql (5)
Dissolved Fe(II) is typically much more soluble than Fe(III) and is
therefore relatively mobile and can diffuse upward to the oxic zone of
sediments where it can be reoxidized by oxygen, nitrate, or Mn oxides
(Jorgensen and Boudreau, 2001). Canfield et al. (1993) confirmed previous
studies that found Fe(II) being oxidized by Mn oxides thus releasing Mn(II).
Dissolved Fe(II) may also diffuse downwards and if it remains in the reduced
sediments for a period of time, it becomes bound and immobile by reacting
with sulfides to form pyrite, FeS2 (Jorgensen and Boudreau, 2001; Todorova
et al., 2005) and FeS (Canfield et al, 1993; Jorgensen and Boudreau, 2001).
Pyrite formation is as follows (Furukawa et al, 2004):
Pyrite formation
Fe2+ + H2S - FeS + 2H +

(6)

Bioturbation can bring the reduced iron-sulfide minerals into contact
with oxygen where they can become reoxidized and the Fe(III) available for
microbial respiration, potentially releasing adsorbed or coprecipitated toxic
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trace metals, making them more mobile and bioavailable (Jorgensen and
Boudreau, 2001).
Mn(III, IV) oxides are abundant in sediments, although they are found
typically at much lower levels than Fe(III) oxides. Reduction of these oxides
to Mn(II) by anaerobic microbes occurs, but may not be the main pathway to
reduction. The pathway of Mn reduction by microbial respiration coupled to
organic matter oxidation is as follows (Berner, 1980; Jorgensen and Boudreau,
2001):
Mn(III) reduction
2MnO 2 + CH 2O + 3CO2 + H 2O- 2Mn2+

+

4HCO3 -

(7)

Mn oxides may also be reduced chemically by reacting with Fe(II) and
acid-volatile sulfides (FeS) that can be mixed together by bioturbation or
bioirrigation (Canfield et al., 1993; Jorgensen and Boudreau, 2001). Secondary
reactions of Mn with sulfide and iron include the following (Canfield et al.,
1993):
AVS oxidation and Mn-reduction
FeS + 7H + + 9 / 2MnO2 - FeOOH + SO/- + 9 / 2Mn2+ + 3H2O

(8)

Iron oxidation and Mn-reduction
2Fe2+ + MnO2 + 4H2O- Mn2+ + 2Fe(OH)3 + 2H +

(9)

Mn(II) is very mobile and may be more available for oxidation than
Fe(II) and, therefore, could become a major electron acceptor in some
sediments. According to Jorgensen and Boudreau (2001), the mobility of
ferrous iron could be limited because it can bind with sulfides within sulfidic
layers, can be trapped in suboxic layers by reacting with Mn oxides to form
Fe(III) oxides, and because it reacts faster with dissolved oxygen and
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therefore is unable to diffuse to great distances. Fe(II) is more readily
oxidized than Mn(II) because of the greater energy expenditure of converting
Mn(II) to Mn(III) (164 kJmoi-1 compared to 90 kJmoi- 1 for Fe(II) to Fe(III))
(Morgan, 2005).
Redox oscillations due to bioirrigation may result in the accumulation
of Fe and Mn oxides, and perhaps associated trace elements, on the surface of
burrow walls. Fe and Mn are ubiquitous in sediments and their oxides are
known to scavenge trace metals (Dzombek and Morel, 1990; Kostka and
Luther, 1994; Tessier and Campbell, 1988; Tessier et al., 1979, 1982) as well as
phosphate, silica, and organic compounds (Jorgensen and Boudreau, 2001).
Bioirrigation has been reported to enhance cycling of Fe and Mn, such that
each molecule is oxidized and reduced between 100 and 300 times before
burial in the sediment (Canfield et al., 1993), and this can have a major
influence in the mineralization of organic matter (Jorgensen and Boudreau,
2001). Kostka et al. (2002) found that anaerobic microbial reduction of Fe(III)
is the main source of carbon oxidation (40-65%) in bioturbated and vegetated
saltmarsh sediments.

1.3.6 Sulfur Cycling
The conversion and reduction of sulfate to form sulfide in sedimentary
systems is complex, with many intermediates species, but is mediated mainly
by anoxic bacterial reduction of sulfate coupled to organic matter oxidation
(Kristensen and Kostka, 2005). The overall reduction of sulfate coupled to
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microbial respiration and degradation is as follows (Jorgensen and Boudreau,
2001; Berner, 1980):
Sulfate reduction
so4-Z + 2CH2O + H+ - Hs- + 2CO2 + 2H2O

(10)

Sulfate is found in large quantities in marine sediments (Berner, 1980)
and sulfate reduction is important for carbon oxidation. However, recent
studies have discovered that while sulfate reduction dominates organic
matter oxidation in non-bioturbated and nonvegetated saltmarsh sediments,
microbial reduction of Fe oxides is quantitatively more important in
bioturbated and vegatated sediments (Kostka, 2002; Kristensen and Kostka,
2005).
Bioirrigation can help to maintain low dissolved sulfide levels in
saltmarsh sediments, despite high sulfate reduction rates (Koretsky et al,
2003). For example, using pore water profile and microbial community data
(for Fe and sulfate reducing bacteria), Koretsky et al. (2003) found that despite
high sulfate reduction rates, dissolved sulfide in saltmarsh sediments was
kept low by bioirrigation. This is because burrow flushing transports oxygen
from surface waters to deeper sulfidic layers within the sediment, resulting in
rapid reoxidation of sulfide produced by microbial sulfate reduction. The
change in seasons can also influence sulfate reduction. Koretsky et al. (2003)
found that low productivity of Fe-reducing bacteria in the summer can be
attributed to high rates of sulfide production by sulfate-reducing bacteria.
However, when sulfate reduction rates slow down in the winter, Fe-reducing
bacteria recover. Trace metals, such as As, Cu, Pb, and Zn, are frequently
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associated with solid phase sulfide minerals, which form when Fe(III) and
sulfate reduction are both important reactions. Oxidation of these sulfide
phases can result in release of associated toxic trace metals into overlying
waters (Lee et al., 2005).

1.3. 7 Methanogenesis
Methane typically forms below the zone of actively bioirrigating
organisms and diffuses upwards into the sulfate zone where it may become
oxidized by sulfate-reducing bacteria (Berner, 1980). According to Jickells and
Rae (1997), sulfate reduction in bioirrigated marine sediments limits the
amount of methane gas that escapes into the atmosphere, compared to,
organic-rich freshwater sediments, which typically have much less sulfate
available to react with organic matter. The degradation of organic matter is
globally important in the release of carbon dioxide (CO2) gases in the
atmosphere. The production of carbon dioxide is seen in the anaerobic
organic matter degradation pathways shown above (e.g. Eqns., 1, 3, and 10).
The formation of methane, a more potent greenhouse gas, from OM
degradation also releases carbon dioxide (Berner, 1980):
Methane formation
2CH20 - CH4 + CO2

(11)
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1.3.8 Trace Metals
The diagenetic processes that occur within marine sediments are
complex and spatially and temporally variable. Bioturbation and
bioirrigation add to the complexity by imposing lateral heterogeneity in
vertically redox stratified sediments and their associated trace metals. As
stated previously, Fe and Mn oxides are known scavengers of trace metals
(Dzombak and Morel, 1990), but when reduced will release metals into
solution. The role of sulfur cycling also influences the mobility and
availability of trace metals (Aller and Yingst, 1978; Lee et al., 2005; Morse and
Luther, 1999) while silicates and carbonates typically play a minor role in
metal scavenging (Drever, 1982).
Several studies have found that within burrowed sediment, metals
such as Fe and Mn, organic matter, and bacteria accumulate within burrow
walls (Aller and Yingst, 1978; Matisoff et al., 1985). The type and number of
bacteria, type of organic matter, and the nature of the metal oxides
determines the type of trace metals that are scavenged (Warren and Haack,
2001). According to Warren and Haack (2001), the surfaces of Fe and Mn
oxides, OM, and bacteria are negatively charged at the pH range of natural
aquatic systems. This negatively charged surface creates a strong affinity for
cationic species. Some of these metals come from the overlying water that is
flushed into the burrows from macrofauna while other metals diffuse from
the ambient sediment toward the burrow wall (Aller and Yingst, 1982).
Metals such as Zn, Ni, Cd, and Co are strongly sorbed onto Fe oxides
at neutral pH range (6-8) while Pb and Cu are strongly sorb at pH<5 (Buffle
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and Stumm, 1994; Drever, 1982). Tonkin et al. (2004) found that the affinity of
divalent metal cations to sorb onto Mn and Fe hydroxides were similar.
Modeling predicted a sequence of Mg(II) < Ca(II) < Sr(II) < Cd(II) < Ni(II) <
Zn(II) < Ba(II) < Cu(II) < Co(II) <Mn(II) <Pb(II) onto HMO while Mn(II),
Co(II), and Ba(II) showed stronger adsorption for HFO.
In deep areas of the burrow or if the burrow is infrequently irrigated,
reducing conditions may persist long enough for precipitation of sulfides and
metals such as Zn, Cd, Pb, and Cu will sorb and become immobilized
(Drever, 1982). Morse and Luther (1999) found that metals such as Mo(II),
As(II), Co, and Ni are commonly precipitated with pyrite. Pb, Zn, and Cd
have faster reaction kinetics than Fe(II) and are incorporated into MeS phases.
Cu forms many sulfide phases with or without Fe present. Pb, Cu, Ni, and
Zn have a strong affinity for organic matter (Warren and Haack, 2001). Cu is
the most strongly adsorbed onto OM according to Drever (1982) followed by
Pb, Zn, then Cd. Complexing of Zn and Cd occur with high levels of
dissolved organic matter.
The role of bacteria in regulating metals in sediments is complex, but
studies have shown that some metals (Ca, Co, Cr, Cu, Fe, K, Mg, Mn, Na, Ni,
and Zn) are essential to bacterial life processes while others are nonessential
(Au, Al, Cd, Ag, Pb, and Hg). However, even essential metals can be toxic at
high concentrations (Bruins et al., 2000). Bacteria strongly adsorb onto Fe
oxides and thus can inhibit the mobility of trace metals such as Cd (Yee and
Fein, 2002). The same study demonstrated bacteria was mobile within
quartz-only columns and the mobility of Cd through the column was
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increased. Bacteria also utilize OM within the burrow wall and can contribute
to the release of metals into solution (Warren and Haack, 2001).
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CHAPTER2
FIELD SITES
2.1 Sapelo Island
Sapelo Island is one of a series of barrier islands that fringe the
coastline of Georgia. The island is roughly 19 km long and 3 to 6 km wide
(Teal and Teal, 1997) and is managed mainly by Georgia's Department of
Natural Resources. The University of Georgia Marine Institute is located near
the southern tip and facilitates research within the National Estuarine
Research Reserve that includes salt marshes and upland forests within the
western and southern parts of the island. Descendants of former slaves
occupy Hog Hammock towards the east. The middle region of the island
contains the R. J. Reynolds Wildlife Management Area. The northern area is
Blackbeard Island and is separated from Sapelo by Blackbeard Creek (figure
2.1). This area was once considered to be a part of Sapelo and is now a
wildlife preserve managed by the Department of Natural Resources. The
burrows collected for this study were located within Pleistocene sand deposits
at Raccoon Bluff (figure 2.2) along the eastern edge of the island and within a
salt marsh at the southern end of the island (figure 2.3).
Raccoon bluff is an area of Pleistocene sand deposits (medium to fine
grained) and erosion of these sands by Blackbeard Creek reveals ancient
shrimp burrows within the cliff banks. These sands are part of a series of
barrier islands that mark the fluctuating shorelines due to transgression and
regression of sea levels during the Pleistocene and Holocene (Hoyt, 1967;
Henry and Hoyt, 1968; Hoyt and Hails, 1969). The sea level changes have
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been attributed mainly to the advance and retreat of glaciers (Henry and
Hoyt, 1968) and to some shifting from regional tectonic forces (Hoyt, 1967).

Figure 2 Blackbeard Creek separating Sapelo Island from
Blackbeard Island.

Figure 3 Raccoon Bluff along the channel of Blackbeard
Creek.
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Figure 4 Salt marsh at southern tip of Sapelo Island.

The formation of Raccoon Bluff and other surrounding islands were
examined through studies by Hoyt and Hails (1969) and Henry and Hoyt
(1968). Six shorelines were delineated with the oldest to youngest moving
from land out towards the sea. Each of these six shorelines is subdivided into
barrier sands with salt marsh in-filled lagoons landward of the barrier islands.
The filled in lagoons indicate the approximate level of high tide during the
stillstand of sea level and are used to indicate the height of the ancient
shorelines (Hoyt, 1967). The Wicomico Formation marks the oldest
Pleistocene shoreline (>170,000 b.p.) with an approximate height of 100 ft
above the present sea level. The heights decrease with subsequently younger
shorelines towards the sea. The last sea level stillstand that occurred during
the late Pleistocene was the Silver Bluff Formation. This shoreline had a
height of 4.5 ft above the present sea level and includes Sapelo Island.
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Blackbeard Island to the north was formed during the early Holocene and is
missing the lagoon that would separate the two islands (Hoyt, 1967, Henry
and Hoyt, 1968).
Other methods used to determine Pleistocene shorelines include the
presence of preserved shrimp burrows and age dating. The modern shrimp,
Callianassa major, builds burrows in sands that are as high as mean sea level
(Hoyt, 1967), thus the heights of the lower three shorelines were correlated
with preserved burrows of the Callianassa shrimp (Hoyt, 1967; Hoyt and
Hails, 1967; Henry and Hoyt, 1968). Hoyt and Hails (1967) used radiocarbon
dating from shells extracted from the Silver Bluff formation on Sapelo Island
to determine dates of around 25,000 - 48,000 years old. This age corresponds
to the mid-Wisconsin glaciation in North America (Hoyt, 1967). The burrows
at Raccoon Bluff are assumed to be ancient Callianassa burrows based on
these previous studies (Hoyt, 1967; Hoyt and Hails, 1967; Henry and Hoty,
1968; Basan and Frey, 1977).
Feeding behavior, burrow morphology, and respiration rates are
important in understanding the extent of burrow irrigation with water rich in
oxygen and metals. The Thalassinidean species Callianassa is generally referred
to as a deposit feeder although some species fall under the filter/ suspension
feeder category based on burrow morphology (Griffis and Suchanek, 1991).
A study by Griffis and Suchanek (1991) on Thalassinidean burrows described
the morphologies based primarily on feeding behavior. They found that the
majority of Callianassa burrows were U- or Y-shaped near ilie surface and had
mounds of excavated sediment surrounding the burrow surface indicating
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deposit-feeding behavior. The U- and Y-shapes allow oxygenated water to
easily pass through the burrow thus providing an environment for rapid
exchange of nutrients along the burrow wall surface. The introduction of
oxygenated water within the stem of the Y-shaped burrow and within
vertical burrows will depend on the behavior of the species. There are
exceptions within the species where they found Y-shaped Callianassa burrows
without mounds and vertical burrows with horizontal branching with and
without seagrass lining the burrow walls thus contributing to organic matter
accumulation. Nickell and Atkinson (1995) described Thalassinidean behavior
based on individual components of burrow morphology. They found that
the morphologies are various and overlap the behaviors of the shrimp.
Deposit feeders, filter feeders, and suspension feeders can share similar
morphological features. In order to determine shrimp behavior all the many
individual components (depth, U- or Y-shape, burrow diameters, presence of
galleries, extent of horizontal branching, presence and size of surface
mounds, sea grass vs. mucoid lining) of the burrow must be taken into
consideration (Nickell and Atkinson, 1995).
The Pleistocene Callianassa shrimp are assumed to be an ancient form
of the modern Callianassa major and are common in the southeast United
States (Griffis and Suchanek, 1991). The burrows at Raccoon Bluff are well
preserved due to a mucoid substance produced by the shrimp (fig. 2.1, Frey,
1971; Griffis and Suchanek, 1991) that become cemented over time. This
mucoid-substance helped maintain a sturdy structure within the mobile
sands. The burrows at this site have a dark brown color ~5 mm thick

27

surrounding the burrow that could be the result of this mucoid lining.
According to Hoyt (1967), the modern shrimp is ~10 cm long and 1-2 cm
wide. They build burrows 1 - 2 m long and 1 - 6 cm in diameter. The upper
20 - 25 cm is not occupied by the shrimp and is smaller in diameter than the
dwelling area of the burrow. The shrimp build burrows up to 3 m deep and
may have many horizontal branches off a central chamber (Griffis and
Suchanek, 1991). The Pleistocene burrows at the site were primarily vertical
with some horizontal branching although the extent of branching was
difficult to ascertain from observations of only the non-eroded portions of
the burrows. Because of erosion, the tops of the burrows are not assumed to
indicate the exact height of the sediment surface at the ti.me of formation.
The second area on Sapelo used for this study is within a modern salt
marsh located near the southern tip of the island (figure 2.3). Salt marshes
can be found anywhere along the coastline where the waters are protected
from the strong currents of the ocean (Henry and Hoyt, 1968; Frey and
Basan, 1977; Mitsch and Gosslink, 2000). The barrier islands along Georgia
provide an ideal setting for the development of these environments where
the quiet waters allow for the deposition of silts and clays behind the island.
Salt marshes are typically criss-crossed by tidal channels that flood the low
lying areas providing more sediment and nutrients. The abundance of marsh
plants helps trap the fine-grained sediment during the waning of the ti.des
(figure 2.4).
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Figure 5 Low-marsh environment with abundant Spartina alternifl-ora.

A marsh is divided into ecological zones based on the area covered by
the extent of tidal water onto land. The marsh at the study site is inundated
by tidal water twice a day with a tidal range of 2 to 3 m (Koretsky et al.,
2003). The high salinity, 20-30% (Basan and Frey, 1977), of the tidal water and
reducing conditions of the sediment require the hardiest of species as its
inhabitants. The location of halophytes (salt-tolerant plants) and the habitats
of macrofauna depend on the duration that the sediments are submerged by
tidal waters (Basan and Frey, 1977; Mitsch and Gosslink, 2000). The low
marsh zone is saturated with tidal waters for the longest period of time. Tidal
creeks, marking the beginning of the low-marsh, carry fine silt and mud that
form levees once the water spills out onto the marsh. Most of this low-lying
area is muddy, but can include ponded areas and dry pans that develop mud
cracks. Spartina alternifl-ora is the dominant plant in the low-marsh and is
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tallest just behind the creek bank and becomes shorter and sparser inland
(Basan and Frey, 1977). Tidal creek banks are typically clear of vegetation,
but are dominated by burrows of polychaetes, oysters, shrimp, and crabs
(Basan and Frey, 1977; Teal and Teal, 1997). Inward from the creek bank, the
mud crab Uca pugnax is the most commonly observed macrofauna in the
low-marsh(Basan and Frey, 1977; Teal and Teal, 1997).
Basan and Frey(1977) describe the area between a low and high
marsh as a transitional zone. A high marsh is defined as an area where tidal
waters do not flood the area twice a day, but rather during storm surges or
spring tides. The substrate is typically sandy and the marsh plant Juncus is
abundant. East of the study site within the marsh is an area with abundant
Juncus, but it does not fall under the high-marsh definition because it is
inundated by the tide twice-daily. This transitional Juncus dominated area is
mostly separated from the Spartina dominated area by a small drainage
creek. The mud fiddler crab, Uca pugnax, and the sand fiddler crab, Uca
pugilator, are both common species in the higher, more inland part of marsh
(Basan and Frey, 1977; Teal and Teal, 1997). To the northeast of the marsh a
large levee(~ 1.2 m) separates the low-lying marsh from the upland forest of
oak and magnolia trees.
Fiddler crab burrows (Uca sp.) were collected for this study near the
levee in a sparsely vegetated dry pan. Fiddler crabs do not live within the
burrows like shrimp, but live mainly on the surface where they feed upon the
substrate. The burrows are used as temporary shelters to hide from prey
and for protection during high tide or as permanent dwellings for breeding.
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Since crabs generally do not actively irrigate their burrows, abandoned
burrows are passively flushed out with the waxing and waning of the tides.
The morphology is important in assessing whether oxygenated water has
contact with all or part of the surface area with the burrow. Christy (1982)
studied the orientation of Uca pugilator and found that breeding burrows
descend into the sediment at a gradual angle of around 40° while temporary
burrows descend at around 80°. Allen and Curran (1974) found that the
depths of the burrows vary, but mainly depend on the water table elevation
at low tide. The widths also vary, but mainly depend on the type of species
and the stage of development of the crab.
Other studies have described burrow morphologies of fiddler crab
species (Allen and Curran, 1974; Basan and Frey, 1977; Koretsky et al., 2002).
A stochastic simulation based on resin casts by Koretsky et al. (2002)
described fiddler crabs burrows as L- or }-shaped that may or may not be
inclined. Allen and Curran (1974) also observed L- and }-shapes for Uca
pugilator and Uca pugnax. U. pugnax had more twisting and turning within the
burrows and was also found to intersect with Sesarma reticulatum. One of the
burrows within the core seemed to demonstrate this twisting feature (see
figure 2.5). The average diameter was 1-2 cm for adults, although some
burrow openings were barely observable. These may be burrow openings
for juvenile fiddler crabs, or for other macrofauna, such as polychaete
worms. Allen and Curran (1974) observed that the U. pugilator excavates its
burrow twice daily and has pellets of sediment surrounding its burrow.
These pellets are used to plug up the burrows during high tide. However,
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the U. pugilator requires sand grains in order to feed so it is unlikely that
burrows from this crab would be found in the muddy sediments of the low
marsh.

Figure 6 Fiddler crab burrow distribution and morphology within
core sample. Hood and pellet mound with inclined entrance are
noted.

At least two of the collected burrows had hoods surrounding the
burrow entrance (figure 2.5). A hood is generally made of mud pellets
arranged as a vertical wall surrounding the burrow entrance. One burrow
had a vertical hood, with a diameter of ~2 cm, and was vertical throughout
the length of the core (~12 cm). The other had a mound of loose pelletoidal
sediment with an inclined surface down into the sediment before becoming
vertical. Allen and Curran (1974) noted that the Uca minax is a larger fiddler
crab· and thus had a large burrow diameter (2-5 cm). Hoods were commonly
found above the burrow entrance, scratch marks were found on the inside of
the burrow, and their vertical burrows ended with a large chamber at ~40 cm
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depth. Basan and Frey (1977) observed that the hoods were not vertical for

U. minax, but had a poorly developed chimney with an inclined surface. They
also observed S. reticulatum and found diameters of 2.5 - 4 cm and scratch
marks lining the burrow wall. This mud crab also has a hood, but its oval
shape distinguishes it from the rounded hood of U. minax (Allen and Curran,
1974). While the U. pugilator is noted for also having mounds of sediment
around its burrow, the Uca pugnax builds pelletoidal chimneys that are
vertical (Basan and Frey, 1977). A general understanding of burrow
morphology and behavior will be useful in determining whether they are
factors in metal accumulation and concentration within burrows.

2.2 Padilla Bay
The modern shrimp burrow, Upogebia pugettensis, was collected off the
coast of Washington in Padilla Bay by David Shull from Western Washington
University. According to the Padilla Bay website (www.padillabay.gov), the
bay is protected from the destructive ocean currents by small islands that dot
the Washington coastline and thus, the quiet waters allow for the deposition
of fine sand, silt and muddy sediment that is brought in from the Skagit
River. This area is considered an intertidal estuarine mud flat with high tides
that average

~ 2.5 m.

The river to the north of the site provides freshwater

that mixes with the ocean water within the bay. The Upogebia shrimp
burrows were collected within the Padilla Bay National Research Reserve to
the west of a narrow fringe of intertidal sand and mud flats. This area is
dominated by the eelgrass Zostera marina and by the suspension-feeding mud
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shrimp Upogebia puttegenisis. Another shrimp, Neotrypaea californiensis, is also
located here but is less common.

Upogebia puttegenisis is typically found along the western shores of the
United States. Griffis and Suchanek (1991) state that the burrows can reach
depths of ~90 cm, have horizontal extensions up to 70 cm, and diameters of 3
cm. The Upogebia shrimp are suspension/ filter feeders and their U- and Y
shaped burrows reflect this feeding behavior (Griffis and Suchanek, 1991;
Nickell and Atkinson, 1995). According to Griffis and Suchanek (1991),
mounds that are typical of deposit feeding behaviour (i.e., expelling unused
sediment onto the surface) are not present near Upogebia burrows. The
burrows have two openings at the surface and are connected below the
sediment surface. The inside surface of the burrows are reported to be hard
and smooth. Nickell and Atkinson (1995) note that the two openings are
inhalant and exhalent shafts. The circular cross sections of the tunnels
provide efficient flow of water through the burrows that helps remove
unwanted material as well as provide oxygenated water.
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CHAPTER3
MATERIALS AND METHODS
3.1 Materials
3.1.1 Pleistocene Shrimp Burrows
Pleistocene shrimp burrows were collected from an eroding, sandy
bluff on the coast of Sapelo Island, GA (figure 3.3) and results from one core
are presented below. They were collected using a ple:xiglass core that was
inserted into the sand surrounding the burrow. After collection, the samples
were placed in Ziploc freezer bags and put into a freezer until analysis. The
burrow was sampled at cm-scale vertically and mm-scale laterally. Frozen
samples were scraped laterally with a metal spatula, beginning with the
ambient, outer sediment and working inwards towards the infill/ center of
burrow at mm intervals. Each sediment sample was then divided into
triplicate subsamples for analysis (figure 3.1). The upper section was sampled
at 0.7, 1.0, 1.3, and 1.5 cm from the top of the burrow and consists of triplicate
samples of the infill, inner burrow wall, and outer burrow wall. The lower
two sections were sliced with a diamond saw at 2.5 and 5.0 cm from the top
of the burrow and consists of triplicate samples of the infill, inner and outer
burrow wall, and the ambient sediment.
The sand of the ambient sediment and burrow was medium (~20%) to
fine grained (~60%). The burrow wall was lined with dark material about 5
mm thick and was observed throughout the vertical length (~8 cm) of the
burrow. The diameter of the inner burrow was ~2.5 cm. The burrow was in
filled with fairly clean, medium grained, sandy material made up of mainly
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quartz grains. The upper few centimeters of ambient sediment were eroded
thus exposing the dark burrow wall to the elements (figure 3.2).

Figure 7 Representation of burrow sampling process. Slices taken at cm
intervals vertically then at mm intervals from the ambient sediment working
towards the infill.

In-situ scrapings of three Pleistocene shrimp burrows were also
collected from the eroding sandy bluff (figure 3.3) and data from these are
presented below. These were collected using metal spatulas, placed in Ziploc
freezer bags, labeled, and placed in a freezer until analysis. The scrapings
were divided into three or five consecutive 5 cm sections vertically and by
type of sediment laterally. The upper lateral section consists of the exposed
outer burrow wall, inner burrow wall, plus the infill. The lower two sections
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include the ambient sediment, outer and inner burrow wall, and infill
material.

Figure 8 Pleistocene shrimp
burrow within eroding sandy
bluff.

Figure 9 Site of Pleistocene shrimp
burrows located within Raccoon Bluff.

3.1.2 Modem Shrimp Burrow

A modern shrimp burrow, Upogebia, was provided by David Shull,
from Washington State University, and was collected from tidal mudflats off
the coast of Washington near Padilla Bay. The burrow was dark gray in color
and shelly fragments were seen throughout. Sieving analysis determined the
sediment to be mainly silty (35%) with medium (27%) to fine sand (24%).
There was some course sand (~8%) and clay (~2%) as well. The sediment of
the burrow had a distinct sulfuric odor and did not exhibit the zonation of
darker material near the burrow-sediment interface as is observed in the
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ancient burrow. The diameter of the burrow was ~1.5 cm and did not include
infill material.
The frozen core was ~25 cm long and was sliced with a diamond saw
into 1 cm sections at 4.0 cm, 10 cm, and 22 cm. These sections were sampled
while frozen at 1-2 mm intervals from the outer ambient sediment towards
the burrow. These samples were divided into triplicate subsamples for
analysis (see figure 3.1.1 for example).

Figure 10 Example of side and top view of Upogebia burrow.

3.1.3 Fiddler Crab Burrows
Results from fiddler crab burrows are also presented. These were
collected from a tidal saltmarsh on Sapelo Island (fi gure 2.3). The samples
used for this study were collected in a dry pan near the drainage creek levee
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(figure 3.5). Burrows were collected by inserting a plexiglass core into the
sediment surrounding the burrow. Samples were then placed into Ziploc
freezer bags and then placed into a freezer until analysis. Within one
plexiglass core, there were four fiddler crab burrows. Two of the burrows
were large and measured ~1 cm in length and ~0.5 cm in width. Two
burrows were smaller and measured ~0.2-0.3 cm in diameter. The material
was medium to dark brown in color, consisted of mainly silty mud (~80% silt,
~20% clay), and some plant material was observed throughout. The burrows
did not have a noticeable odor and did not exhibit any zonation of darker
material near the burrow-sediment interface.

Back levee and tree line

Boardwalk

/

Location of
Burrow Sample

Tidal Creek

Figure 11 Sketch of fiddler crab burrow sampling site within salt marsh
on southern tip of Sapelo Island.
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The core was ~12 cm in length and was sliced while frozen with a
diamond saw at 2.5 cm and 8.5 cm from the top of the burrow. Each slice was
divided into four burrows including some surrounding sediment (figure
3.1.5). Each section was sampled at 1-2 mm intervals with a metal spatula
starting at the sediment surrounding the burrow and working inwards
towards the burrow itself. Each sample was then divided into triplicate
subsamples for analysis.

Figure 12 Representation of top view of core containing 4 burrows with
diameters ~2, 1.5, 0.2, 0.3 cm. Dashed lines represent sections of ambient
sediment surrounding each burrow that was used for analysis.

Four burrows were found within the core and all were oriented
somewhat vertically (figure 3.6). The burrow walls were not observed to
have any lining of organic matter. The sediment at the surface of the core
was unconsolidated to ~1.5 cm depth. One of the burrows had a hood of
sediment (~2 cm tall) surrounding the burrow entrance at the surface.
Another burrow had a mound of loose sediment and had an entrance that
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was at an angle ~40° from the top of the mound to the more consolidated
sediment where the burrow became vertical. The other two burrows were
smaller (2-3 mm) and were vertical throughout.

Figure 13 Side and top view of fiddler crab burrows within one core.

3.2 Methods

A sequential extraction procedure, modified from the method
developed by Kostka and Luther (1994), was used for the Pleistocene and
Upogebia burrows. 10 mL of ascorbate solution (~1 M = 10 g sodium citrate+
10 g sodium bicarbonate into 250 mL volumetric flask+ ~4 g ascorbic acid to
bring solution to pH 8) were added to 0.1 - 0.5 g subsamples under anaerobic
conditions (~5%H2 / 10%CO2 / 85%N2) in 15 mL plastic centrifuge tubes. The
mixtures were reacted under gentle agitation with an end over end shaker
for 24 hours to extract amorphous iron (hydr-)oxides and associated trace
metals. After 24 hours, the samples were centrifuged at ~8000 rpm for 20-25
min, the supernatant was filtered through an 0.2 µm nylon syringe into clean
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15 mL centrifuge vials, and preserved with HCI. Colorimetric analysis was
performed within one week of extraction.
After rinsing the remaining portion of the sediment with DDI water,
10 mL of 0.5 M HO solution was added to the 15 mL vials for a reaction time
of 1 hour under anaerobic conditions to extract remaining amorphous iron
(hydr-) oxides, crystalline iron oxides, and acid-volatile sulfides. After 1 hour,
the sediment was again centrifuged, filtered, and saved for analysis. In-situ
burrow scrapings and crab .burrows were extracted with 0.5 M HO solution
only and was pipetted rather than filtered into vials.
UV/Vis spectrophotometric (Helios Spectronic Unicom) analyses on
the ascorbate and HCl solutions for the Pleistocene and Upogebia shrimp
burrows were based on a method developed by Kostka and Luther (1994).
Fe(III) standards are used to measure reactive iron concentrations through
absorbance readings made at 562 nm to assess the concentration of ferrozine
bound Fe(II). Iron is measured before and after a reducing step to determine
total iron and Fe(II), and Fe(III) in determined by subtraction. For each
sample, 0.1 mL extract and 0.1 mL DDI was pipetted into 1 mL ferrozine plus
Hepes (6 g Hepes + 0.5 g ferrozine into 500 mL DDI and adjusted with
ammonium hydroxide to pH 7.0) to measure Fe(II). Total Fe was measured
using 0.1 mL of extract into 1 mL hydroxylamine hydrochloride plus Hepes (6
g Hepes plus 10 mL of NH20H (10 g/100 mL) in 500 mL DDI) and after 20
minutes, 0.1 mL of ferrozine (0.5 g in 100 mL) was added before
measurement. The difference between the Fe(II) and total Fe measurements
determines Fe(III) concentrations.
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Previously, a method developed by Viollier et al. (2000) was used to
determine Fe speciation, however, there was some difficulty with both the
ascorbic and HO extractions in fluctuating absorbance readings. After
allowing an hour or two for color development, readings were still unstable
for some samples. The method by Kostka and Luther (1994) used Hepes
buffer and eliminated the fluctuations in absorbance readings, but total iron
values were smaller compared to the values used with Viollier et al. (2000)
method. Also, some Fe(II) readings were higher than total Fe for both
extracts. While most samples did have a little higher total Fe readings than
Fe(II), there were enough inconsistencies to warrant concern for accuracy.
Trace metals from ascorbic and HCl-extracts were analyzed by
inductively coupled plasma optical emission spectroscopy (ICP-OES) on a
PerkinElmer Optima 2100DV instrument. The ascorbic solution was diluted
with DDI in 5% HCl for a 1:5 and a 1:10 ratio. Internal standards Ho and Y
were added to both the ascorbic and-HO solutions to obtain 100 ppb. The
ascorbate matrix proved to be problematic for analysis by ICP even at a 1:5
dilution, however some data was obtained for the Upogebia burrow. A 1:10
dilution caused the concentration of most"trace elements of interest to drop
below the ICP detection limits (typically 10 - 50ppb). Because the ascorbic
extractions were so difficult to analyze on the ICP-OES, the in-situ scrapings
from Pleistocene burrows and the crab burrows were extracted with only the
O.SM HO solution.
Laser ablation ICP-MS was used on a Pleistocene shrimp burrow that
was preserved in glycolethylene methacrylate. To preserve this burrow, 66.5
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mL glycol methacrylate, 3.5 mL DI water, 28.5 mL n-butyl methacrylate, 5.0
mL ethylene dimethacrylate, and 1.5 g benzoyl peroxide was added to a 125
mL Erlenmeyer flask. The mixture was gently heated on a magn.etic-stirrer
hot plate to dissolve the benzoyl peroxide. Once dissolved, the mixture was
heated slowly while constantly stirring till a temperature was reached where
the mixture began to gel (~98° C). At this point, the flask was plunged into
an ice bath while swirling to cool. The mixture was poured into a container
with the sediment and was placed into a hot water bath to be cured. The
embedded sample was sliced and sent to Utrecht University for analysis. An
ablation transect was made from the burrow wall 'towards the middle of the
infill material (see Chapter 4: Results). Another Pleistocene burrow was sliced
and fixed with Hillquest thin section epoxy (7 parts A to 3 parts B, mixed well,
and cured for 24 hours at room temperature). The epoxy did not penetrate
the wet, sandy material and will not be able to be used for LA ICP-MS. The
epoxy was used with some success with samples frozen in a deep freezer and
sliced into 1-2 rr:im sections.
Wet and dry sieving analysis was performed on the three soil types
used in this study. Sieve sizes 4 mm, 2 mm, 1 mm, 500 µm, 250 µm, 125 µm,
and 62.5 µm were used. Wet sieving was performed on sieve 62.5 µm to
extract the fines from the bulk sediment and dry sieving was performed on
the courser fractions. The fines were separated into silt (4 µm) and clay (2
µm) using Stokes analysis. 1.77 g Sode metahexaphosphate was diluted in 1 L
DI water and then added to a 700 mL beaker. The fine g;ained sediment was
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added and the mixture was stirred for several minutes and left to sit for 2
hours. After the required time, the day was poured off the top into a pre
weighed pan and the remaining silt was also poured into a pre-weighed pan.
These were put into a drying oven and weighed after water evaporation.
Results are discussed above in the materials section.
Loss on ignition (LOI) was used to determine organic matter content
and was based on a method by Hein et al. (2001). Samples from the
Pleistocene burrow scraping, crab burrow, and Upogebia burrows were used.
Samples were oven-dried at~105° C for 12-24 hours to maintain a c�nstant
weight. Oven-dried samples were weighed and placed in an ash oven for 2
hours at 550 ° C. The LOI is calculated using the equation:
LOI 550 = ((DW10s - DWsso)/DW 1os)*lO0
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(12)

CHAPTER4
RESULTS
4.1 Pleistocene Shrimp Burrow: HCI and Ascorbic Acid Extractions
Fe and a suite of metals were extracted using a 2-step procedure
(ascorbat�, followed by HCl) across transects taken for six slices of a single
Pleistocene shrimp burrow. These transects were taken at "depths" from the
top most portion of the exposed burrow of 0.7, 1.0, 1.3, 1.5, 2.5 and 5.0 cm. In
the upper most 1.5 cm of the burrow, the external, or ambient, sediment has
eroded away, leaving only the infill and burrow wall for the analyses. Each
vertical/lateral combination was sampled in triplicate; three separate points
indicate the vertical spread of the resulting metals concentrations.
Ascorbate extractable Fe (AEF) results are shown in figure 4.1. The
concentrations and trends in AEF are very similar in the four uppermost
sections. AEF is typically lowest in the infill, ranging from 11-57 microg Fe/g
dry sediment and increases dramatically between the inner and outer burrow
wall to 50-100 microg Fe/g dry sediment at the outermost portion of the
burrow wall. An exception to this occurs in the 5 cm depth slice, where AEF
decreases between the inner and outer burrow wall. The two sections with
ambient sediment, taken at 2.5 and 5.0 cm depth, have contrasting AEF
trends in the ambient sediment. In the 2.5 cm slice, AEF continues to increase
from the outer burrow wall to a radial distance of ~20 mm and is relatively
constant at ~200 microg Fe/g dry sediment from 20- 50 mm lateral distance.
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In contrast, in the slice taken at a depth of 5.0 cm, AEF decreases from the
inner burrow wall outward into the ambient sediment.
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Figure 14 Concentrations of
ascorbate extractable total Fe.
Shown in horizontal cross-sections
at various vertical intervals from
the top of a Pleistocene shrimp
burrow downwards.
Ambient
sediment was eroded away at the
top exposing just the burrow wall
and infill material.

Distance (mm)

Figure 15 Concentrations of HCl
extractable total Fe. Shown in
horizontal cross-sections at various
vertical intervals from the top of the
Pleistocene burrow downwards.
Ambient sediment was eroded away
at the top exposing just the burrow
wall and infill material.

Results for HCl extractable Fe (HEF) show Fe concentrations
increasing from the infill to the burrow wall or from the infill out towards the
ambient sediment (figure 4.2). For the upper four sections, the infill
concentrations range from 9-36 microg Fe/ g dry sediment and increase to
~248 microg Fe/ g dry sediment in the burrow wall (BW). The lower two
sections, surrounded by ambient sediment, show a decrease in HEF
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concentrations compared to the upper, exposed sections. At 2.5 cm, HEF was
not detected in the infill, but increased from the BW out into the ambient
sediment (~60 microg Fe/ g dry sediment). At 5.0 cm, Fe increases from zero
at the infill to ~ 15 microg Fe/ g dry sediment in the BW before decreasing to
zero in the ambient sediment.
AEF and HCl extractable Fe are similar in that an increase is observed
from the infill to the inner and outer BW, but the trends differ in the ambient
sediment. The two extracts also show differences where the high Fe
concentrations will be with depth. In the upper, exposed sections, both AEF
and HEF increase from the infill into the burrow wall while overall
concentrations decrease with increasing depth. HEF is higher than AEF in the
upper 1.5 cm of the burrow column while AEF is higher in the lower sections.
At the point when ambient sediment is surrounding the burrow (2.5 cm
depth), AEF is higher in concentration then HEF, but they both increase
steadily from the infill, burrow wall, and out into the ambient sediment. At
5.0 cm, both the AEF and HEF increase from the infill to the BW, but a
decrease in concentration is observed in the ambient.

48

,,:s
QJ
VJ

�

,,:s
00

bl)

....e
0

-=
lo.

V

�

10

I ii
8

---.7cm
__...1.0cm

BW

1

HCI-Extractable Mn

ll 1

-0-l.5 m1
-0-2.Scm
....._5.0cm

6
4

Figure 16 Concentrations of HCI
in
Mn.
extractable
Shown
horizontal cross-sections at various
vertical intervals from the top of
Pleistocene
the
burrow
downwards. Ambient sediment
was eroded away at the top
exposing just the burrow wall and
infill material.

Ambient
Sediment

2
0

Distance (mm)
10
---.7cm
-B-1.0 cm

I ii
�

8

�

6

QJ
VJ

,,:s
00

bl)
0

-e

BW

....

4

u

2

V

lo.

HCI-Extractable Cr

1 1 '.Ill

-O-l.Sm1
-0-2.5 cm
....._5.0an

Figure 17 Concentrations of HCIextractable
Cr.
m
Shown
horizontal
cross-sections
at
various vertical intervals from the
top of the Pleistocene burrow
downwards. Ambient sediment
was eroded away at the top
exposing just the burrow wall and
infill material.

Ambient
Sediment

0

Trace metals Cd, Cr, Ni, Zn, Cu, Pb, and Mn were analyzed from the
HCl-extract (Figures 4.3 - 4.7). An increase is observed for most metals at all
depths from the infill to the burrow wall with a decrease into the ambient
sediment. For Mn, Cr, and Ni, a sharp increase is observed at burrow wall
sediment interface (15 mm) at 2.5 cm depth with a decrease further out into
the ambient sediment. These metals also show a sharp increase at the outer
edge of the burrow column. Ni is not detected at 5.0 cm depth in the BW or
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ambient sediment. Zn shows high concentrations in the infill at all depths
compared to the other metals. Zn also shows a lot of variability at 2.5 and
5.0 cm depth in the ambient sediment with concentrations ranging from near
zero to ~2 microg Zn/ g dry sediment. Cu and Pb concentrations were
negligible. The trace metals seem to demonstrate an increase in
concentration with depth in the upper, exposed sections while a decrease is
observed with depth in ambient sediment.
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4.2 In-situ Scraping from Pleistocene Shrimp Burrows: HCl Extractions

In-situ scrapings were taken from three Pleistocene burrows and these
were extracted with 0.5 M HCl only (see Chapter 3 Methods). The first
burrow was sampled at three depths while the other two were sampled at 5
depths at 5 cm vertical intervals. The upper 5 cm of the first two burrows do
not have ambient sediment surrounding the burrow wall, which was
protruding above the present beach surface, exposed to the elements. The
upper 15 cm of the third burrow consists only of the burrow wall and infill.
Like the extracted burrow described above, the metals from all three
scrapings show an increase from the infill to the burrow wall. The metals
tend to decrease further out into the burrow wall and out into the ambient
sediment. Fe concentrations for all the burrows show an increase from the
infill to the burrow wall and decrease out into the ambient sediment. Fe did
show an increase from the inner to outer burrow wall for burrow scraping
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BS#l (figure 4.8) and BS#2 (figure 4.9) at 10 cm depth while all other depths
for the burrows showed a decrease. High concentrations at the infill/BW
interface are ~2,000 microg Fe/ g dry sediment for BS #1 at 5 cm depth and BS
#3 (figure 4.10) at 15 cm depth, while the high concentration for BS #2 is
~1,000 microg Fe/ g dry sediment at 25 cm depth.

2500
I

ill

HCl-Extractable Fe for BS #1

;:a,2000
Cl/

�1500

Figure 21 Concentrations of HClextractable
Fe.
m
Shown
cross-sections
at
horizontal
various vertical intervals from the
top of the burrow downwards.
Ambient sediment was eroded
away at the top exposing just the
burrow wall and fill material.

Ambient
Sediment

....b 1000
Cl/

BW

500
0

Distance (mm)
2500
I ill
;:a, 2000
Cl/
rJl

HCI-Extractable Fe for BS #2

� 1500

....§
Cl/

�

Figure. 22 Concentrations of HCl
extractable Fe. Shown in horizontal
cross-sections at various vertical
intervals from the top of the
Ambient
burrow downwards.
sediment was eroded away at the
top exposing just the burrow wall
and fill material.

BW
Ambient
Sediment

1000
500
0

0

10

20
30
40
Distance (mm)

50

52

----:::?:==-

:eQJ
rJl

2500 .......,...--......
I
2000

�1500
§ 1000

HCI-Extractable Fe for BS #3

-a-10cm

-+-15 m
-20cm

-0-25cm

Figure 23 Concentrations of HClextractable
Fe.
m
Shown
horizontal
cross-sections
at
various vertical intervals from the
top of the burrow downwards.
Ambient sediment was eroded
away at the top exposing just the
burrow wall and fill material.

Ambient
Sediment

� 500

Distance (mm)

Mn profiles varied with depth within each burrow. Mn is high in the
infill and decreases towards the BW at 5 cm depth for all three burrows. Both
BS #1 (figure 4.11) and BS #2 (figure 4.12) show a sharp increase from the
inner to outer burrow wall at 10 cm depth (~2 microg Mn/ g dry sediment)
and at 15 cm depth (~6.5 microg Mn/ g dry sediment) respectively. BS #3
(figure 4.13) shows a moderate increase in the burrow wall at 10 and 15 cm
depth. Both BS #1 and BS #2 show an increase from the BW into the ambient
sediment. Exceptions are BS #2 at 15 cm depth and BS #3 where the
concentrations are negligible in the ambient sediment at 20 and 25 cm depth.
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Ca profiles are similar for all three burrows; concentrations increase
from infill to inner burrow wall and decrease to outer BW and into ambient
sediment. The highest concentrations for all three burrows are at 5 cm depth
at the infill/BW contact; ~1,250 rnicrog Ca/ g dry sediment for BS #1 (figure
4.14), ~1,500 microg Ca/ g dry sediment for BS #2 (figure 4.15), and ~1700
microg Ca/ g dry sediment for BS #3 (figure 4.16).
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Figure 27 Concentrations of HCI
extractable Ca. Shown in horizontal
cross-sections at various vertical
intervals from the top of the burrow
downwards.
Ambient sediment
was eroded away at the top
exposing just the burrow wall and
fill material.
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Figure 28 Concentrations of HCI
extractable Ca. Shown in horizontal
cross-sections at various vertical
intervals from the top of the burrow
Ambient sediment
downwards.
was eroded away at the top
exposing just the burrow wall and
fill material.
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Figure 29 Concentrations of HCIextractable Ca. Shown in horizontal
cross-sections at various vertical
intervals from the top of the burrow
downwards.
Ambient sediment
was eroded away at the top
exposing just the burrow wall and
fill material.
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Like Ca, K concentrations are high at the infill/BW contact and
decrease from the outer BW and out into the ambient sediment for all three
burrows. Exceptions are an increase from the inner to outer BW at 10 cm for
BS #2 and 25 cm for BS #3. The highest concentrations are at 5 cm depth for
BS #1 (~200 microg K/ g dry sediment, figure 4.17), BS #2 (~200 microg Kl g
dry sediment, figu re 4.18), and BS #3 (~250 microg K/ g dry sediment, figure
4.19).

56

:a�
fll

�
bO

0

300 _____....,._�-----I ill
250

HCI-Extractable K for BS #1

Ambient
Sediment

200
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Figure 31 Concentrations of HCl
extractable K. Shown in horizontal
cross-sections at vanous vertical
intervals from the top of the
burrow downwards.
Ambient
sediment was eroded away at the
top exposing just the burrow wall
and fill material.
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Figure 32 Concentrations of HCl
extractable K.
Shown m
cross-sections
horizontal
at
various vertical intervals from the
top of the burrow downwards.
Ambient sediment was eroded
away at the top exposing just the
burrow wall and fill material.

All of the trace metals for most of the depths increase from the infill to
the inner burrow wall before decreasing to the outer BW and ambient
sediment. For BS #1, Cd (fi gure 4.20), Ni (figure 4.21), Pb (fi gure 4.25) and Cr
(figure 4.28) all have the highest concentrations at the infill/BW interface. Cu
increases from infill to inner BW for BS #1, but unlike the metals above,
concentrations increase to outer BW and into the ambient sediment (figure
4.31). Co is also different, with the highest concentrations in the infill (figure
4.24) and decreasing to the inner BW, outer BW, and ambient sediment.
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Figure 33 Concentrations of HCIextractable
Cd.
Shown m
at
cross-sections
horizontal
various vertical intervals from the
top of the burrow downwards.
Ambient sediment was eroded
away at the top exposing just the
burrow wall and fill material.
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Figure 34 Concentrations of HClextractable
Ni.
m
Shown
horizontal
cross-sections
at
various vertical intervals from the
top of the burrow downwards.
Ambient sediment was eroded
away at the top exposing just the
burrow wall and fill material.
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Figure 36 Concentrations of HClNi.
in
Shown
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at
cross-sections
horizontal
various vertical intervals from the
top of the burrow downwards .
Ambient sediment was eroded
away at the top exposing just the
burrow wall and fill material.
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HCI-Extractable Co for BS #1
Figure 37 Concentrtions of HCl
extractable Co. Shown in
horizontal
cross-sections at
various vertical intervals from
the top of the burrow
downwards. Ambient sediment
was eroded away at the top
exposing just the burrow wall
and fill material.
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.

40

. . . ."
Distance (mm)

l;.,I

::a
e,

30

HCI-Extractable Ni for BS #2

.

•

0

0

CT

Ambient
Sediment

..... 5
.._... 2.5 •

�

.

BW

•

7.5

.

---10 cm
-+-15 cm
...... 20cm
--<:>-25 cm

10
I.I fil
�

.

5

Ambient
Sediment

2.5

20
30
40
Distance (mm)

5

59

For BS #2, Ni (fi gure 4.22), Pb (figure 4.26), Cr (figure 4.28), and Cu
(figure 4.32) have the highest concentrations at the infill/BW interface and
decrease towards the outer BW and ambient sediment. These metals have
the highest concentration at 5 cm depth. At 10 cm, Pb, Cr, and Cu increase
from the inner to outer BW before decreasing in the ambient sediment. For
BS #3, Ni, Pb, and Cr (figures 4.23, 4.27, and 4.29) all increase at the infill/BW
interface and decrease towards the outer BW and ambient sediment. At 15
cm depth, these metals demonstrate a sharp increase and decrease at the
infill/BW. While most of the trace metals decrease significantly in the
ambient sediment, Cu concentrations remain fairly steady (~0.5-0.7 microg
Cu/ g dry sediment, figure 4.33).
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Figure 38 Concentrations of HCl
extractable Pb. Shown m
horizontal
at
cross-sections
various vertical intervals from
the top of the burrow
downwards. Ambient sediment
was eroded away at the top
exposing just the burrow wall
and fill material.
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Figure 39 Concentrations of HCl
extractable Pb. Shown m
horizontal
cross-sections
at
various vertical intervals from
the top of the burrow
downwards. Ambient sediment
was eroded away at the top
exposing just the burrow wall
and fill material.
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Figure 40 Concentrations of HCI
extractable Pb. Shown m
horizontal
at
cross-sections
various vertical intervals from
the top of the burrow
downwards. Ambient sediment
was eroded away at the top
exposing just the burrow wall
and fill material.
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Figure 41 Concentrtions of HCl
extractable Cr. Shown m
cross-sections at
horizontal
various vertical intervals from
the top of the burrow
downwards. Ambient sediment
was eroded away at the top
exposing just the burrow wall
and fill material.
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Figure 42 Concentrtions of HCI
extractable Cr. Shown in
at
cross-sections
horizontal
various vertical intervals from
the top of the burrow
downwards. Ambient sediment
was eroded away at · the top
exposing just the burrow wall
and fill material.
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Figure 43 Concentrtions of HCl
extractable Cr.
Shown m
cross-sections
horizontal
at
various vertical intervals from
the top of the burrow
downwards. Ambient sediment
was eroded away at the top
exposing just the burrow wall
and fill material.
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various vertical intervals from
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downwards. Ambient sediment
was eroded away at the top
exposing just the burrow wall
and fill material.
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Figure 45 Concentrations of HClCu.
extractable
Shown
m
at
horizontal
cross-sections
various vertical intervals from the
top of the burrow downwards.
Ambient. sediment was eroded
away at the top exposing just the
burrow wall and fill material.
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4.3 Modem Upogebia Shrimp Burrow: HCI and Ascorbic Acid Extractions
As for the first Pleistocene burrow, a two-step ascorbate and HCl
extraction was used to assess trace metal concentrations surrounding the
modern shrimp burrow, Upogebia. Vertical transects of a single burrow were
taken at 4, 10, and 22 cm depth. Each vertical/lateral combination was
sampled in triplicate; three separate points indicate the vertical spread of the
resulting metals concentrations. Metal concentrations are more variable and
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higher in concentration by several orders of magnitude as compared to the
Pleistocene shrimp burrow for both extractions.

4.3.1 Ascorbic Extractable Metals

Results of ascorbic-extractable Fe and trace metals for the modern
shrimp burrow, Upogebia, are shown (Figs. 34 - 39). At 4 cm depth, metals
were not obtained for the first few mm from the BSI. The data for this depth
show that Fe (figure 4.34) is highest in the ambient sediment at ~1,300-1,700
microg Fe/ g dry sediment from 3-13 mm distance and decreases towards the
outer edge of the sample. Fe concentrations are high at or near the burrow
water interface (BWI) at 10 cm and 22 cm depth and decrease rapidly within
2-3 mm from the BWI. At 10 cm depth, Fe fluctuates from ~500-1,650 microg
Fe/ g dry sediment within 5 to 13 mm distance and decreases to ~250 through
the rest of the profile. At 22 cm depth, Fe decreases rapidly from the BWI
and remains low through the rest of the profile (below 300 microg Fe/ g dry
sediment) before increasing slightly at the edge of the burrow core.
The profile of Mn (figure 4.35) is similar to Fe in that the highest values
are at or near the BWI and decrease rapidly within a couple mm distance.
The highest concentration ( ~50 microg Mn/ g dry sediment) is at 10 cm depth
at the BWI and 2 mm distance. Concentrations are higher through the profile
compared to the other depths and is observed to fluctuate considerably to
around 15 mm distance where it then levels off and approaches zero near the
outer edge. Mn concentrations at 4 and 22 cm depth are fairly steady and
remain below 5 microg Mn/ g dry sediment through most of the profile. At
64

22 cm depth, there is a slight increase at the edge of the burrow core that is
similar to the profile of Fe at this depth.
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Figure 47 Ascorbate-extractable Fe
concentrations across horizontal
cross-sections at various vertical
depths from the top of the burrow
downwards.

Figure 48 Ascorbate-extractable Mn
concentrations across horizontal
cross-sections at various vertical
depths from the top of the burrow
downwards.

While Fe and Mn have elevated concentration at the BWI at 10 and 22
cm depth, Ca is elevated at the BWI only at 22 cm depth with a value of
~1,000 microg Ca/ g dry sediment (figure 4.36). Concentrations then
decrease from 1-6 mm distance before decreasing again to ~200-400 microg
Ca/ g dry sediment in the rest of the profile. Similar to Fe and Mn profiles,
there is a spike in concentration at the outer edge of the burrow core. The
most variability occurs at 4 cm where Ca concentrations fluctuate between
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~360 and 1,200 microg Ca/ g dry sediment throughout the profile. Peaks
occur at 7 and 14 mm distance to above 1,000 microg Ca/ g dry sediment. Ca
remains fairly steady at 10 cm depth with concentrations from ~200-400
microg Ca/ g dry sediment in much of the profile.
Like Ca, K is elevated at the BWI only at 22 cm depth (figure 4.37). K
then decreases rapidly within 1 mm before increasing to ~600 microg K/ g
dry sediment between 5 and 15 mm. A steady decrease is observed towards ·
the edge of the burrow core. At 10 cm depth, there is an increase from the
BWI within 2 mm to ~500 microg K/ g dry sediment where it then fluctuates
to 15 mm distance. At this point, the concentration steadily decreases to ~200
microg K/ g dry sediment towards the burrow core edge. At 4 cm, the values
are ~300 microg K/ g dry sediment through much of the profile.
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Figure 50 Ascorbate-extractable K
concentrations across horizontal
cross-sections at various depths
from the top of the burrow
downwards.

Figure 49 Ascorbate-extractable Ca
concentrations across horizontal
cross-sections at various depths
from the top of the burrow
downwards.
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Figure 51 Ascorbate-extractable Co
concentrations across horizontal
cross-sections at various depths
from the top of the burrow
downwards.

Figure 52 Ascorate-extractable Ni
concentrations across horizontal
cross-sections at various depths
from the top of the burrow
downwards.

Only information for Co and Ni are shown for the ascorbic extract at 4
and 10 cm depths. Co and Ni were non-detect at 4 cm depth. Only the outer
15 mm were obtained for Co at 10 cm depth, but the data show that
concentrations remain below 20 microg Co/ g dry sediment in much of the
profile with a distinct spike in concentration to ~150 microg Co/ g dry
sediment at the edge of the burrow core (figure 4.38). Ni shows a similar
pattern with values remaining below 10 microg Ni/ g dry sediment through
the profile before peaking to ~28 microg Ni/ g dry sediment at the core edge
(figure 4.39). Zn was not analyzed due to calibration difficulties with the ICP
OES. Cu, Cr and Pb are below the detection limit of 10 ppb.
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4.3.2 HCI-Extractable Metals
Results for HCl-extractable metals are shown in figures 4.40 - 4.48.
HCl-extractable Fe (HEF) demonstrates a sharp increase (above 2,500 microg
Fe/ g dry sediment) at 4 cm depth between 9 mm and 13 mm distance from
the BWI (figure 4.40). At 10 cm depth, Fe is elevated from the BWI to 14 mm
distance where it then decreases slightly. At 22 cm depth, Fe is variable
throughout the distance from BWI towards the ambient sediment, but
remains around 1,000 microg Fe/ g dry sediment. Unlike ascorbic-extractable
Fe (AEF) that have elevated concentrations at the burrow-water interface,
HEF is fairly constant through the profile at 10 and 22 cm depth. AEF is
higher in concentration at 4 and 10 cm depth within the first half of the profile
while HEF is higher throughout the profile at 22 cm depth.
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Figure 53 HCl-extractable Fe
concentrations of horizontal cross
sections sampled at various
vertical depths from the top of the
burrow downwards.

Figure 54 HCl-extractable Mn
concentrations of horizontal cross
sections sampled at various
vertical depths from the top of the
burrow downwards.
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At all depths, the profile for Mn is nearly identical to Fe. At 4 cm
depth, Mn shows the highest concentration at ~42 microg Mn/ g dry
sediment at 9 mm distance from BSI (figure 4.41). Mn concentrations are
constant throughout the profile at 10 cm depth. At 22 cm depth, Mn is
somewhat elevated near the BWI and decreases at 7 mm distance before
increasing back up again. Ascorbic-extractable Mn is higher in concentration
at the BWI for 10 and 22 cm depth and for the first 13 mm at 10 cm depth.
HO-extractable Mn is higher at 22 cm depth and for the last half of the profile
at 10 cm depth.
The profile for Ca (fi gure 4.42) reflects that of Fe at 10 and 22 cm
depths. Data for Ca was not obtained at 4 cm depth. At 10 cm, Ca is ~630850 microg Ca/ g dry sediment in the first 14 mm before decreasing slightly
in the rest of the profile. Concentrations increase with depth and at 22 cm
depth Ca is elevated at the BWI to above 1,000 microg Ca/ g dry sediment.
Ca decreases at 5 mm distance before increasing to a constant value through
the rest of the profile. Like Fe and Mn, there is a spike at 10 mm distance to
~2,100 microg Ca/ g dry sediment. HO-extractable Ca is higher in
concentration at 10 and 22 cm depth compared to ascorbic values at these
depths.
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Figure 55 HCl-extractable Ca
concentrations of horizontal cross
sections sampled at various
vertical depths from the top of the
burrow downwards.

Trace metals were obtained for Cr, Ni, Cu, Pb, Zn, and Co (shown in
figures 4.43 - 4.48). Co was not tested at 4 cm depth. At 4 cm depth, trace
metals Cr, Ni, Pb, Cu and Zn have similar profiles to Fe and Mn with elevated
concentration from 8 to 13 mm distance. Ni, Cr, Pb, and Cu have their
highest concentration within this range. Cr and Zn show elevated
concentrations of ~45 microg Zn/ g dry sediment and ~4 microg Cr/ g dry
sediment near the BWI before decreasing rapidly at 3 mm distance.
At 10 cm depth, Pb and Zn have elevated concentrations at the BWI
and decreases rapidly in the first 2 mm distance. Their concentrations are
elevated somewhat from 8 to 13 mm like at 4 cm depth. The rest of the
metals do not have much variability through the profiles, except for Cr at 20
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mm distance (~4 microg Cr/ g dry sediment) and Cu which has a sharp spike
to ~160 microg Cu/ g dry sediment at the edge of the burrow core.
Concentrations for all metals increase from 10 to 22 cm depth. Ni and
Cr have similar profiles and have spikes in concentrations at the same
distances from the BWI. Co and Cu have elevated concentrations from 8 to
10 mm distance with concentrations at ~ 18 microg Co/ g dry sediment (figure
4.49) and ~230 microg Cu/ g dry sediment. Co , Zn, and Cu show an increase
in concentration right at the outer edge of the core. Concentrations for HCl
extractable Ni and Co are lower at all depths compared to ascorbic
extractable Ni and Co.
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Figure 56 HCl-extractable Cr
concentrations of horizontal cross
sections sampled at various vertical
depths from the top of the burrow
downwards.

Figure 57 HCl-extractable Ni
concentrations across horizontal
cross-sections at various depths
from the top of the burrow
downwards..
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Figure 58 HCl-extractable Cu
concentrations across horizontal
cross-sections at various depths
from the top of the burrow
downwards.
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Figure 59 HCl-extractable Pb
concentrations across horizontal
cross-sections at various depths
from the top of the burrow
downwards.
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Figure 60 HCl-extractable Zn
concentrations across horizontal
cross-sections at various depths
from the top of the burrow
downwards.
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Figure 61 HCl-extractable Co
concentrations across horizontal
cross-sections at various depths
from the top of the burrow
downwards.

4.4 HCI Extractions of Modem Fiddler Crab (Uca spp.) Burrows
HCl extractions were used on four crab burrows collected from a salt
marsh. The four burrows were sampled from one core and vertical slices of
each were taken at 2.5 and 8.5 cm depth. Each burrow was separated into
sections with some ambient sediment surrounding each. The amount of
ambient sediment differed for each burrow depending on the location within
the core. Each vertical/lateral combination was sampled in triplicate; three
separate points indicate the vertical spread of the resulting metals
concentrations. Some data points have only one or two data points
depending on the amount of sediment available.

Iron
Results for Fe for all four burrows are presented below. At 2.5 cm
depth for crab burrow #1 (figure 4.49), Fe is just under 8,000 microg Fe/g dry
sediment through most of the profile from the BWI to the edge of the core.
At 8.5 cm, Fe increases to a high of 13,460 microg Fe/g dry sediment at 3 mm
distance then decreases sharply to below 8,000 microg Fe/g dry sediment at
10 mm distance.
Crab burrow #2 (figure 4.50) doesn't show much variability at 2.5 cm
depth and concentrations range from ~6,700-8,000 microg Fe/g dry
sediment. Llke crab burrow #1, the concentrations for crab burrow #2 are
more dynamic at 8.5 cm depth. There is an increase from the BWI to 6 mm
distance (near 10,000 microg Fe/g dry sediment) with a sharp decrease from
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6-10 mm to 5,000 microg Fe/ g dry sediment before increasing gradually
towards the edge of the sample.
Crab #3 shows a little more variability at 2.5 cm depth than the
previous burrows (figure 4.51). There is an increase at the BWI to ~9,000
microg Fe/ g dry sediment at 2 mm distance where it then decreases before
increasing again to ~8000 microg Fe/ g dry sediment at 10 mm distance. At
8.5 cm, Fe starts out at ~7,000 at the BWI and decreases slightly from 3-5 mm.
There is a gradual increase to above 8,000 microg Fe/ g dry sediment at the
edge of the sample.
Fe concentrations for crab burrow #4 (figure 4.52) experience a
decrease at the BWI before increasing to ~10,000 microg Fe/ g dry sediment
at 2 mm distance. Concentrations then decrease before leveling out above
7,000 microg Fe/ g dry sediment. At 8.5 cm depth, Fe starts out high at 14,350
microg Fe/ g dry sediment at the BWI and decreases sharply to ~7,000 at 2
mm distance. There is a slight fluctuation in the rest of the profile, but
gradually increases towards 8 mm distance.
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Figure 62 HCl-extractable Fe
concentrations across horizontal
cross-sections at various depths
from the top of the burrow
downwards.

Figure 63 HCl-extractable Fe
concentrations across horizontal
cross-sections at various depths
from the top of the burrow
downwards.
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Figure 65 HCl-extractable Fe
concentrations across horizontal
cross-sections at various depths
from the top of the burrow
downwards.

Figure 64 HCl-extractable Fe
concentrations across horizontal
cross-sections at various depths
from the top of the burrow
downwards.
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Manganese
The results of Mn from four crab burrows are presented below. At 2.5
cm depth, crab burrow #1 (figure 4.53) starts low at the BWI and increases to
above 200 microg Mn/ g dry sediment from 5 to 15 mm distance.
Concentrations decrease towards 20 mm distance before increasing again
towards the edge of the sample. At 8.5 cm depth, Mn concentration is above
300 microg Mn/ g dry sediment at 3 mm and decreases to~200 at 5 mm.
The profile for fiddler crab #2 (figure 4.54) is quite different at 2.5 cm
depth compared to results from crab #1. Mn starts out at~180 microg Mn/ g
dry sediment at the BWI and decreases at 8 mm distance. There is a peak to
above 230 microg Mn/ g dry sediment at 9 mm distance and values increase
with a broad peak from 12-17 mm distance before decreasing again at the
end of the profile. At 8.5 cm depth, Mn starts out at~150 microg Mn/ g dry
sediment at the BWI and peaks to~190 at 6 mm distance. Concentrations
then decrease rapidly at 10 mm distance before increasing again to at the end
of the profile.
Mn concentrations for fiddler crab #3 is quite variable at 2.5 cm depth
(figure 4.55). Mn increases from the BWI to~380 microg Mn/ g dry sediment
at 4 mm distance. Mn then decreases to~170 microg Mn/ g dry sediment at 7
mm distance and then increases again in the rest of the profile. At 8.5 cm
depth, there is a gradual increase from the BWI to~200 microg Mn/ g dry
sediment 5 mm distance. Mn is fairly steady until a decrease to 140 microg
Mn/ g dry. sediment at 10 mm distance to the end of profile.
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At 2.5 cm depth, Mn for fiddler crab #4 (figure 4.56) starts out at ~ 180
microg Mn/ g dry sediment at the BWI and decreases to ~ 100 microg Mn/ g
dry sediment at 4 mm distance. Mn then increases between 5 and 7 mm
before decreasing again at the end of the profile. At 8.5 cm depth,
concentrations are higher than at 2.5 cm depth, but the profiles are similar.
Mn starts out at ~350 microg Mn/ g dry sediment and decreases to 175
microg Mn/ g dry sediment at 4 mm distance. Values then increase and
decrease a couple times to the end of the profile.

HCI-Extractable Mn for Crab #2

HCI-Extractable Mn for Crab #1
400--------.--------.
�
QI
<ll

�

300

QI

0.0

bh 200
0

...'"'

0

'"'
. V..
_§

V

C:
:::E

300

0.0

bh 200

_§

400 _______,,..........-..---..

100

C:
:::E

0 _.....,_____.___..____

0

5

10 15 20 25
Distance (mm)

30

35

100

5

10 15 20 25
Distance (mm)

30

35

Figure 67 HCl-extractable Mn
concentrations across horizontal
cross-sections at various depths
from the top of the burrow
downwards.

Figure 66 HCl-extractable Mn
concentrations across horizontal
cross-sections at various depths
from the top of the burrow
downwards.
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Figure 69 HCl-extractable Mn
concentrations across horizontal
cross-sections at various depths
from the top of the burrow
downwards.

Figure 68 HCl-extractable Mn
concentrations across horizontal
cross-sections at various depths
from the top of the burrow
downwards.

Calcium
Fiddler crab #1 has similar concentrations at both depths (figure 4.57).
There are some fluctuations at 2.5 cm depth, but concentrations are mainly
around 2,000 micorg Ca/ g dry sediment. There are high concentrations of
~2,200 microg Ca/ g dry sediment at 10 and 20 mm distance. At 8.5 cm,
concentrations range from ~1,930 to ~2,030 microg Ca/ g dry sediment
through the profile with the highest concentration at 4 mm distance.
Fiddler crab #2 also has similar Ca concentration at both depths (figure
4.58). Ca is ~2,000 microg Ca/ g dry sediment for both depths throughout
the profile. There is a large peak at 7 mm distance to almost 12,000 microg
Ca/ g dry sediment at 2.5 cm depth. Fiddler crab #3 (figure 4.59) also has
78

similar concentrations (~2,000 micorg Ca/ g dry sediment) at both depths. Ca
remains constant at 8.5 cm throughout the profile, but Ca has a large vertical
spread at 15 (~1,700-3,150 microg Ca/ g dry sediment) and 18 mm (~1,4002,380 microg Ca/ g dry sediment) distance.
Fiddler crab #4 (figure 4.60) is different from the previous burrows in
that Ca concentrations diverge at the BWI for both depths before coming
together at 2 mm distance. At 2.5 cm depth, Ca starts out at 2,040 microg
Ca/ g dry sediment and decreases at 1 mm distance before increasing again to
above 2,000 microg Ca/ g dry sediment at 2 mm distance. Ca is high at 8.5
cm depth with a value at ~4,000 microg Ca/ g dry sediment and decreases to
~2,000 microg Ca/ g dry sediment at 2 mm distance where it remains
throughout the profile.
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Figure 70 HCl-extractable Ca
concentrations across horizontal
cross-sections at various depths
from the top of the burrow
downwards.
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cross-sections at various depths
from the top of the burrow
downwards.
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Figure 72 HCl-extractable Ca
concentrations across horizontal
cross-sections at various depths
from the top of the burrow
downwards.

Figure 73 HCl-extractable Ca
concentrations across horizontal
cross-sections at various depths
from the top of the burrow
downwards.

Potassium
The results for fiddler crab #1 are shown in figure 4.61. At 2.5 cm
depth, the concentration of K is high (below 2,000 microg K/ g dr:y sediment)
for the first 15 mm distance, drops sharply to ~800 microg K/ g dry sediment
between 15 mm and 25 mm, and increases to ~1,700 microg K/ g dry
sediment from 25 mm to 35 mm distance. K remains around 2,000 microg
K/ g dry sediment throughout the profile at 8.5 cm depth.
The results for fiddler crab #2 are shown in figure 4.62. K
concentrations are slightly higher at 2.5 cm depth and are fairly consistent
with a range from ~1,650-2,000 microg K/ g dry sediment through the profile.
A peak in concentration is observed at ~2,700 microg K/ g dry sediment at 7
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mm distance. At 8.5 cm depth, results are also fairly constant with values
~1,900-2,000 microg K/ g dry sediment throughout the profile. No major
variability in concentration is observed.
The results for fiddler crab #3 are shown in figure 4.63. K
concentrations are higher at 2.5 cm depth within the first 8 mm distance from
the BWI and are higher at 8.5 cm depth from 8 to 18 mm distance. K has
some fluctuation from 1 to 6 mm distance. K has a high of ~2,070 microg
K/ dry sediment at 7 mm distance before decreasing at 8 mm distance. Data
was not obtained from 10 to 12 mm distance. There is a large vertical spread
of data at 15 mm and 18 mm distance similar to that observed with Ca at this
depth. At 8.5 cm depth, K has slight fluctuations from 2 to 8 m distance.
Concentrations then increase slightly from 10 to 15 mm distance with a high
of ~2,330 microg K/ g dry sediment before decreasing again at 18 mm
distance.

The results for fiddler crab #4 are shown in figure 4.64. At 2.5

cm depth, K starts out below 2,000 microg K/ g dry sediment at the BWI and
decreases and increases sharply to 2 mm distance. Concentrations then level
out through the rest of the profile and remains below 2,000 microg K/ g dry
sediment. At 8.5 cm depth, K starts out at ~3,200 microg K/ g dry sediment at
the BWI and decreases sharply to ~1,740 microg K/ g dry sediment at 2 mm
distance. Concentrations than level out around 1,900 microg K/ g dry
sediment through the rest of the profile.
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Figure 75 HCl-extractable K
concentrations across horizontal
cross-sections at various depths
from the top of the burrow
downwards.

Figure 74 HCl-extractable K
concentrations across horizontal
cross-sections at various depths
from the top of the burrow
downwards.
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Figure 77 HCl-extractable K
concentrations across horizontal
cross-sections at various depths
from the top of the burrow
downwards.

Figure 76 HO-extractable K
concentrations across horizontal
cross-sections at various depths
from the top of the burrow
downwards.
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Ni, Cu, and Co
For fiddler crab #1, Ni (figure 4.65), Co (figure 4.69), and Cu (figure
4.73) have similar profiles at both depths and have higher concentrations at
2.5 cm depth. At 2.5 cm depth, they show high concentrations right at the
BWI (~7.5 microg Ni/ g dry sediment, ~77 microg Cu/ g dry sediment, and
~40 microg Co/ g dry sediment) before decreasing rapidly within 5 mm
distance. Concentrations peak again at 7 mm distance and then levels off out
into the ambient sediment (~2 microg Ni/ g dry sediment, ~8.5-16 microg
Cu/ g dry sediment, 3.5-5 microg Co/ g dry sediment).
At 8.5 cm depth, Ni, Co, and Cu are high at the burrow wall interface
(~4 microg Ni/ g dry sediment, ~36 microg Cu/ g dry sediment, ~15 microg
Co/ dry sediment), decrease steadily to 4 mm distance and increase steadily
towards the initial values at the edge of the burrow core.
For fiddler crab #2, Ni (fi gure 4.66), Co (figure 4.70), and Cu (figure
4.74) have concentrations that decrease with depth, unlike fiddler crab #1. At
2.5 cm depth, the initial value at the BWI is also lower compared to crab #1.
These metals start out elevated right at the BWI (~3 microg Ni/ g dry
sediment, ~25 microg Cu/ g dry sediment, and ~11 microg Co/ g dry
sediment) and decrease sharply within a few mm. The metals show a wide
peak between 9 mm and 15 mm distance but then decreases gradually out
into the ambient sediment.
At 8.5 cm depth, these metals start out low at the BWI and increases at
3 mm distance. Ni concentrations fluctuate between 2.5 and 3 microg Ni/ g
dry sediment to the edge of the sample. Cu decreases to ~12 microg Cu/ g
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dry sediment at 6 mm distance before increasing to ~20 microg Cu/ g dry
sediment at 13 mm distance. Cu then decreases again and increases at the
end of the sample. There is a large vertical spread at 18 mm distance. Co
decreases to ~6 microg Co/ g dry sediment at 6 mm distance and fluctuates
but decreases towards the end of the profile.
Fiddler crab #3 concentrations all start out high at the BWI for both
depths. At 2.5 cm depth, Ni (figure 4.67) starts out at ~5 microg Ni/ g dry
sediment and decreases to ~2 microg Ni/ g dry sediment where it remains to
12 mm distance. Co (figure 4.71) starts out at ~21 microg Co/ g dry sediment
and decreases to ~3 microg Co/ g dry sediment at 1 mm distance where it
remains to the end of the sample. Cu (figure 4.75) starts out at ~46 microg
Cu/ g dry sediment and decreases to ~9 microg Cu/ g dry sediment at 1 mm
distance and remains at this concentration.
At 8.5 cm depth, Ni starts out at ~12 microg Ni/ g dry sediment at the
BWI and decreases to ~2 microg Ni/ g dry sediment from 5 to 18 mm
distance. Co starts out at ~60 microg Co/ g dry sediment at the BWI and
decreases steadily to 3-5 microg Co/ g dry sediment. Cu starts out at ~122143 microg Cu/ g dry sediment at the BWI and decreases steadily to ~8.5-14
microg Cu/ g dry sediment from 5-18 mm distance
The metal profiles for fiddler crab #4 are similar to crab #3. At 2.5 cm
depth, Ni (figure 4.68) starts out high at ~6 microg Ni/ g dry sediment and
decreases to ~2 microg Ni/ g dry sediment at 1 mm and remains at this
concentrations through 10 mm distance. Co (figure 4.72) also starts out high
at ~28 microg Co/ g dry sediment and decreases sharply from 3 to 10 mm
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distance. Cu (figure 4.76) starts out at ~62 microg Cu/ g dry sediment and
decreases to ~10 microg Cu/ g dry sediment and remains at this value to 10
mm distance.
At 8.5 cm depth, concentrations are much higher at the BWI than at 2.5
cm depth. Ni starts out at ~35 microg Ni/ g dry sediment and decreases to
~2-3 microg Ni/ g dry sediment at 2 mm and remains in this range to 10 mm
distance. Co starts out at ~200 microg Co/ g dry sediment and decreases to
~4 microg Co/ g dry sediment from 4-10 mm distance. Cu starts out at ~390
microg Cu/ g dry sediment and decreases to ~8-9 from 4-10 mm distance.
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Figure 78 HCI-extractable Ni
concentrations across horizontal
cross-sections at various depths
from the top of the burrow
downwards.
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Figure 79 HCI-extractable Ni
concentrations across horizontal
cross-sections at various depths
from the top of the burrow
downwards.
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Figure 80 HCI-extractable Ni
concentrations across horizontal
cross-sections at various depths
from the top of the burrow
downwards.

Figure 81 HCl-extractable Ni
concentrations across horizontal
cross-sections at various depths
from the top of the burrow
downwards.
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Figure 83 HCl-extractable Co
concentrations across horizontal
cross-sections at various depths
from the top of the burrow
downwards.

Figure 82 HCl-extractable Co
concentrations across horizontal
cross-sections at various depths
from the top of the burrow
downwards.
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Figure 85 HCl-extractable Co
concentrations across horizontal
cross-sections at various depths
from the top of the burrow
downwards.

Figure 84 HCl-extractable Co
concentrations across horizontal
cross-sections at various depths
from the top of the burrow
downwards.
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Figure 86 HCl-extractable Cu
concentrations across horizontal
cross-sections at various depths
from the top of the burrow
downwards.
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Figure 87 HCl-extractable Cu
concentrations across horizontal
cross-sections at various depths
from the top of the burrow
downwards.
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Figure 88 HCl-extractable Cu
concentrations across horizontal
cross-sections at various depths
from the top of the burrow
downwards.

Figure 89 HCl-extractable Cu
concentrations across horizontal
cross-sections at various depths
from the top of the burrow
downwards.

Cr and Pb
For fiddler crab #1, Cr (figure 4.77) and Pb (figure 4.81) have little
variation throughout the profiles for both depths. Both have higher
concentrations at 2.5 cm depth at ~3 microg Cr/ g dry sediment and ~17
microg Pb/ g dry sediment. Pb decreases a little at the end of the profile. At
8.5 cm depth, Cr and Pb are constant throughout most of the profiles.
For fiddler crab #2, Cr (fi gure 4.78) and Pb (figure 4.82) do not show
much variation throughout the profiles, but concentrations are higher at 2.5
cm depth and have similar concentrations to fiddler crab #1. At 8.5 cm depth,
concentrations are ~2-2.5 microg Cr/ g dry sediment and ~14.5-17 microg
Pb/ g dry sediment.
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Cr (figure 4.79) and Pb (figure 4.83) concentrations for fiddler crab #3
at 2.5 cm depth are similar to values for crabs #1 and 2. Both Cr and Pb are
fairly constant across the profile, but Cr has a peak to~4 microg Cr/ g dry
sediment at 10 mm distance. Pb concentrations are lower compared to the
previous burrows with a value of~14 microg/ g dry sediment through much
of the profile. At 8.5 cm depth, Pb values are a little higher at~15 microg
Pb/ g dry sediment in much of the profile with a peak at 10 mm distance to
~20 microg Pb/ g dry sediment. At this depth, Cr is fairly constant until 10
mm distance when there is a peak to~4 microg Cr/ g dry sediment.
Fiddler crab #4 concentrations for Cr (figure 4.80) and Pb (figure 4.84)
are similar to previous burrow concentrations at 2.5 cm depth. At 8.5 cm
depth, Cr and Pb have high concentrations at the BWI and are quite different
from the profiles of the other crab burrows. Cr starts out at~6.4 microg
Cr I g dry sediment and decreases to~3 microg Cr/ g dry sediment at 2 mm
distance. Concentrations then fluctuate before decreasing at the end of the
profile. Pb starts out at~30 microg Pb/ g dry sediment at the BWI and
decreases to~16 microg Pb/ g dry sediment at 2 mm distance. Pb remains
around this concentration through much of the profile.
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Figure 90 HCl-extractable Cr
concentrations across horizontal
cross-sections at various depths
from the top of the burrow
downwards.
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Figure 91 HCl-extractable Cr
concentrations across horizontal
cross-sections at various depths
from the top of the burrow
downwards.

HCI-Extractable Cr for Crab #3

,.-.

30

4
2

o ____________

20

0

2

4
6
8
Distance (mm)

10

Figure 93 HCl-extractable Cr
concentrations across horizontal
cross-sections at various depths
from the top of the burrow
downwards.

Figure 92 HCl-extractable Cr
concentrations across horizontal
cross-sections at various depths
from the top of the burrow
downwards.
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Figure 94 HCl-extractable Pb
concentrations across horizontal
cross-sections at various depths
from the top of the burrow
downwards.

Figure 95 HCl-extractable Pb
concentrations across horizontal
cross-sections at various depths
from the top of the burrow
downwards.
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Figure 96 HCl-extractable Pb
concentrations across horizontal
cross-sections at various depths
from the top of the burrow
downwards.

Figure 97 HCl-extractable Pb
concentrations across horizontal
cross-sections at various depths
from the top of the burrow
downwards.
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Zinc

For fiddler crab #1, data was obtained for only 2.5 cm depth (figure
4.85). Zn starts out at ~13-17 microg Zn/ g dry sediment and increases to ~28
microg Zn/ g dry sediment at 9 mm distance. There is a large vertical spread
at 10 mm distance. Concentrations decrease steadily towards the end of the
profile.
Data was obtained for Zn for both depths for fiddler crab #2. At 2.5
cm depth, Zn (figure 4.86) is quite variable in the first 10 mm from the
burrow wall where there are several peaks reaching ~80 microg Zn/ g dry
sediment and 120 microg Zn/ g dry sediment. Zn decreases at 9 mm distance
and remains low to the end of the profile. At 8.5 cm depth, concentrations
are pretty steady at ~18-21 microg Zn/ g dry sediment but has a peak of ~28
microg Zn/ g dry sediment at 13 mm distance.
Data for fiddler crabs #3 and #4 were not obtained due to poor
calibration with the ICP-OES.
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4.5 Laser-ablation ICP-MS of a Pleistocene Shrimp Burrow
Laser ablation ICP-MS was used on a Pleistocene shrimp burrow
(results are shown in figure 4.87). An ablation transect was made from the
burrow wall towards the middle of the infill material. An increase in metal
concentrations is observed at the burrow wall and in patches within the infill.
These pockets might be organic material or a phase with a high propensity
for adsorbing trace metals.
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Laser Ablation results for Pleistocene shrimp burrow
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4.6 LOI for Organic Matter Analysis
Loss of ignition was performed on a Pleistocene shrimp in-situ burrow
scraping, modern shrimp burrow, and modern fiddler crab burrow to
determine the amount of organic matter within the different sediments.
Organic matter could be present as decaying plant material, as roots from
living plant species, or as a mucoid-like substance secreted by the burrowing
organisms. The species behavior could be important in the distribution and
accumulation of organic matter along the burrow walls. Organic matter is
known to accumulate trace metals and could be a major factor in the
concentration and distribution of metals within these burrows. LOI will not
distinguish between the types of organic matter (humic and fulvic), but
should help in understanding the presence or absence of trace metals along
burrow wall margins.
The Pleistocene shrimp burrow shows an increase of organic matter
from the infill to the inner burrow wall at all depths. Organic matter is
highest at 5 cm depth (~3.5%) while the lowest is at 15 cm depth (~0.9%). OM
is ~2% at the inner burrow wall for all the other depths (10, 20, and 25 cm).
Organic matter then decreases from the inner to outer burrow wall and
decreases further out into the ambient sediment (>1%). An exception would
be at 10 cm depth showing an increase of organic matter from the inner to
outer burrow wall (~l.8%) before decreasing into the ambient sediment.
For the tidal flat Upogebia burrow, the organic matter lost on ignition is
high at or near the burrow wall interface at both depths sampled. At 3-5 cm
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depth, LOI is ~3.7% at the BWI and increases to ~4.1% at 8 mm distance. OM
decreases steadily with increasing distance to ~1.8% at 20 mm distance. At 810 cm depth, LOI is highest at the BWI at ~3.1% and decreases rapidly to
~l.7% at 5 mm distance. The values remain between 1.4 and 1.8% LOI for the
remain�er o� the profile.
The salt-marsh sediments show the highest amount of organic matter
(>16%) lost on ignition compared to the other burrowed sediments (<4% for
both). While the shrimp burrows show variability across the profiles, the
modern fiddler crab does not show much variability at both depths sampled.
Organic matter is slightly higher at 10 cm depth (~18%) compared to 5 cm
depth (~16.5%) at the burrow wall interface. OM remains steady at 5 cm
depth across the profile while at 10 cm depth organic matter decreases
slightly but steadily further away from the burrow wall (~16.5%). At 30 mm
distance, the values at both depths are similar.

97

Upogebia Shrimp

Pleistocene Shrimp BS
-

20

-

...... ,

�

-

•

BW

Ambient
Sediment

10

5

•

0

·-

0

3-5cm
-+---8-10 cm

p1

---1() cm
--+--15 on
-20cm
-G-25 cm

I rHII
15

20 ---------- ..- - - ..
__ _ _ _ _ _ ..

-

.

■

10

15

.

�
- 10
0

■

5

■

30

20

40

5

50

Distance

.

Fiddler Crab
■

15 �
�
0

10

5

0

■

■

■

-

'

.

.

•

.

0

0.5

-

-

-

-+l---10cm
5 cm I

1 1.5
2
Distance (mm)

-

2.5

20

Figure 102 Horizontal cross
sections of organic matter within
Upogebia shrimp burrow at
various depths from the top of
the burrow downwards.
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CHAPTERS
DISCUSSION
5.1 Pleistocene Shrimp Burrow
Iron
Ascorbic and HCl extractable Fe was determined for one Pleistocene
shrimp burrow (figures 4.1 and 4.2). The ascorbic fraction extracts
amorphous iron (hydr-)oxides and associated trace metals. HCl extracts any
remaining amorphous iron (hydr-)oxides, some crystalline iron oxides, and
especially acid-volatile sulfides. Both extracts show an increase of iron from
the infill into the burrow wall in the upper, exposed sections of the burrow.
HCl-extractable iron (HEF) is higher in concentration in the burrow wall
compared to the ascorbate-extractable iron (AEF). HEF concentrations
decrease with depth while AEF increase with increasing depth within the
burrow wall.
The burrow wall contained a visually distinct zone of silty dark
material and LOI analysis demonstrates that organic matter is concentrated in
the burrow wall at all depths sampled. This organic matter most likely was
produced either from the shrimp and/or from material brought into the
burrow. Fe can bind strongly with organic matter (Warren and Haack, 2001)
and this may explain the increased concentration of Fe in the burrow wall.
Fe(II) may also be reoxidized to amorphous Fe(III) oxides by introduction of
dissolved oxygen through bioirrigation/bioturbation. This possibly explains
the increasing AEF concentrations with depth and accumulation along the
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burrow wall. Another possibility of increased AEF with depth could be
changes in OM. Clay minerals such as kaolinite or montmorrilinite may be
present in the burrow wall and could influence Fe(II) adsorption.
High concentrations of HEP near the surface and along BW may also
result from bioirrigation. Some crystalline iron may be present, but analysis
with the UV /Vis spectrophotometer suggests that both extracts were high in
Fe(II) (see Chapter 4: Results). Association with acid-volatile sulfides (AVS)
and with other sulfides could be present. However, a shift from high HEP
near the surface and high AEF with depth could indicate a shift from Fe(III)
oxides to Fe(II) associated with sulfides with increasing depth.
The ambient sediment consists mainly of medium to fine-grained
quartz sand. HCl extractable iron was very low throughout the lateral
profiles at 2.5 and 5 cm depths. The loss of HEP could be due to lack of Fe(III)
oxides in a reducing environment. In contrast, AEF is highest at 2.5 cm depth
and remains high throughout the ambient sediment. This further suggests
increasing reducing conditions with depth. In oxic environments, Fe(II) will
react with dissolved 02 to form Fe(III) oxides and in sulfidic environments
will react with dissolved sulfide to form Fe(II) sulfides. If Fe(III) oxides are
exposed to anoxic conditions, they will reductively dissolve to produce Fe(II),
which typically precipitates to form Fe(II) sulfides. Therefore, AEF and HEP
may be useful tracers of the prevailing redox conditions in different parts of
the sediment. However, this is complicated by the non-selective nature of
extractions: AEF may also include Fe bound to organic matter (e.g. Koretsky
et al., 2006a; 2006b) which is present throughout the sandy ambient sediment.
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The in-situ scrapings of three shrimp burrows all show an increase of
total acid-extractable Fe (TAEF) from the infill into the burrow wall. TAEF
includes amorphous as well as crystalline iron and AVS since an ascorbic
extract was not used. HO could extract other phases such as carbonates and
possibly etch silicates (Tessier et al., 2000). Fe(II) commonly form carbonates
(siderite) and will also form many aluminum silicate minerals such as
pyroxene. Most of the scrapings show a decrease of TAEF from the inner to
outer burrow wall. Some exceptions to this are at 15 cm depth for BS #1
(figure 4.8) and at 10 cm depth for BS #2 (figure 4.9). The increased total Fe
accumulation within the inner burrow wall is consistent with high organic
matter accumulation there compared to the ambient or infill sediments.
Alternatively, Fe may have accumulated at the burrow wall, in response to
redox oscillations generated by bioirrigation.
The depth with the highest acid extractable Fe concentrations in the
burrow wall differs for each burrow. TAEF decreases with increasing depth
in the inner burrow wall for BS#l. This decrease of TAEF with depth could
indicate increasing reducing conditions although this is without certainty since
many phases can be extracted with HO. For BS#2, the inner burrow wall has
increasing TAEF with increasing depth. Increasing TAEF with depth at the
inner BW could indicate the presence of dissolved oxygen from bioirrigation
and/ or an increased accumulation of OM with depth. BS#3 (figure 4.10) has
no pattern of increasing/ decreasing concentrations with depth at the inner
and outer burrow walls. As noted above, the lack of selectivity by acid does
not determine the association of Fe with a phase. Diffusion of iron and other
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processes such as changes in sources of metals, salinity, alkalinity and pH
over geologic time may have resulted in overprinting of diagenetic processes
making associations difficult to determine. BS #2 and #3 have decreasing
TAEF in the ambient sediment while BS#l TAEF concentrations are constant.
Ambient sediment conditions are most likely reducing with increasing depth,
but a lack of Fe speciation with the HCl extract makes evaluation difficult.

Manganese
Within the oxic zone, Mn oxides precipitate and are known to
sequester trace metals (Tessier et al., 1979). When Mn(IV) oxides encounter
the suboxic zone; dissolution occurs and Mn(II) is released along with
associated trace metals. These trace metals are mobile and can diffuse
towards the oxic zone where they can adsorb onto Fe(III) and Mn(III)
hydr(oxides) (FMO). In the sulfuric zone, Mn can form sulfides (Morse and
Luther, 1999) and also carbonates (Davidson, 1993).
In general, Mn concentrations are very low in these sediments. Like
AEF and HEF within the Pleistocene shrimp burrow core, HCl-extractable Mn
(figure 4.3) shows an increase from the sandy infill to the inner burrow wall
for most depths. Concentrations at 2.5 cm depth are low in the inner BW, but
a sharp increase is observed at the outer BW with a sharp decrease into the
ambient sediment. Concentrations at the inner BW increase with depth in the
upper, exposed sections of the burrow. Mn is correlated with the lateral
distribution of HEF at most depths (R2 > 0.76). A high correlation with iron
suggests that the same process(es) influence the distribution of both
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elements, e.g. formation of oxides or association with organic matter leads to
enhanced concentrations of these elements in the burrow wall.
Cr correlates well with Mn at 2.5 cm depth (R2 = 0.97). In suboxic
environments, Cr will sorb to Mn hydroxides (Achterberg et al., 1997).
Under anoxic conditions, Cr will not react easily with sulfides and will not
incorporate into pyrite (Morse and Luther, 1999). Instead, it is typically found
in association with organic matter, or sometimes carbonates (REFS). The
correlation of Mn with Cd and Zn suggests that Mn is extracted from oxides,
carbonates, and/ or AVS in the upper sections. At 2.5 cm depth, Mn, Cr and
Ni are high in the outer burrow and in the ambient sediment at 4-5 cm from
the burrow wall perhaps forming an oxide or carbonate phase.

In-situ burrow scrapings do not show an increase of total acid extractable Mn from the infill to the inner BW unlike with in the 2-step
extraction with HEF. The high Mn concentrations in the infill at the surface
could indicate the formation of Mn oxides. Concentrations at the inner
burrow wall are low (< 2 microg/ g) and an increase is observed at the outer
burrow wall for BS #1 at 10 cm depth, BS #2 at 15 cm depth, and BW #3 at 10
and 15 cm depth. The ambient sediment has some increase out into the
ambient sediment for BS #1 and #2, but concentrations at 5 cm distance is
fairly similar. Overall, Mn seems to be higher near the surface and at the
outer burrow wall indicating Mn accumulation has possible association with
organic matter. The influence of the burrow wall environment with Mn is
less pronounced compared to Fe.
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Calcium

Ca forms into CaCO3 and aluminosilicates (eg. feldspars, pyroxenes
(Klein, 2002) and could be present in the silty material in the burrow wall.
Calcium concentrations were not obtained for the cored Pleistocene shrimp
burrow. For the in-situ burrow scrapings, Ca increases from the infill to the
inner burrow wall and decreases out into the ambient sediment (figures 4.14,
4.15, and 4.16). Concentrations in the ambient sediment are similar for all
three burrows. Similar profiles for all three burrows in all transects are
observed with Fe, K, Ni, Pb, Cu, and Cr. The high concentration of Ca
suggests the presence of carbonates, and possibly aluminum silicates (Fe, K,
Pb), that can be present in suboxic to anoxic environments.

Potassium

Potassium is ubiquitous in nature and will form weather resistant
aluminum silicates such as muscovite and feldspar (Drever, 1997). Potassium
concentrations were not obtained for the cored Pleistocene shrimp burrow.
The in-situ burrow scrapings all show an increase from the infill to the inner
burrow wall and a gradual decrease to the outer ambient sediment (figures
4.17, 4.18, and 4.19). Like the previous metals discussed the concentrations in
the ambient sediment are within the same range indicating a homogeneous
environment. As mentioned above, K, Fe, Ca, Ni, Pb, Cu, and Cr all have
similar profiles for all three burrows at all depths and show sharp increases at
the inner burrow wall. This could indicate the presence of aluminosilicates in
the burrow wall. K could also be associated with organic matter as suggested
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by their similar profiles. Uptake of K by plants was not a factor in the
unvegetated sandy bluff.

Cadmium

Cd is very mobile and bioavailable and uptake in plants and bacteria
can be toxic. In suboxic environments, cadmium may sorb with Fe and Mn
oxides (Weise and Lester, 1997), but not as readily as other divalent cations
(Tonkin et al., 2004). In anoxic sediments, Cd may associate with sulfides,
e.g., AVS, but is not pyritized (Morse and Luther, 1999). Cadmium was not
obtained for the Pleistocene shrimp burrow core and was below detection
limits of ~0.2 microg/ g for BS#2 and #3. At BS #1 (figure 4.20), Cd has similar
lateral transects with Ni, Co, Pb, and Cr at all depths. At 5 and 10 cm depth,
Fe and Cd have similar profiles. High concentrations at the inner burrow
wall and a sharp decrease at the outer burrow wall suggests adsorption to Fe
oxides or formation with acid-volatile sulfides, because Fe is also elevated at
the inner wall (Morse and Luther, 1999; Weise and Lester, 1997). At 15 cm
depth, the Cd transect is similar to those of Co and Ni, which also tend to
associate with Fe sulfides in anoxic sediments suggesting some association
with a sulfide fraction (Morse and Luther, 1999). The cored burrow also has
high AEF and HEF concentrations in the burrow wall indicating the presence
of other minerals (FeS) besides FMO.
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Cobalt

In oxic or suboxic environments, Co can adsorb onto Al, Fe, and Mn
(Achterberg et al., 1997; Drever, 1997). Within anoxic sediments cobalt is
typically quite insoluble, reacting slowly with sulfides and slowly being
incoporated into pyrites (Morse and Luther, 1999). Cobalt data was not
obtained for the Pleistocene shrimp burrow core. Cobalt was obtained only
for BS #1 (figure 4.24), BS #2 and BS #3 were below detection limit. At 5 cm
depth, Co and Mn show a decrease from the infill to the inner burrow wall.
All other metals increase at this depth, therefore, Co and Mn seem to be in
the same phase. Co could be bound to Mn oxides. The continuous decrease
from the infill to the burrow wall and out into the ambient sediment could
suggest diffusion of Co; data from other burrows would confirm this. Co
seems to be associated with Ni at 10 and 15 cm depths in the burrow wall and
ambient sediment. Ni and Co has slow reaction kinetics and, therefore, is
commonly found in small amounts in pyrite (Morse and Luther, 1999). Ni
and Co are also found in Mn oxides and seem to be the phase most likely
associated with the HCl extract.

Copper

Copper is strongly adsorbed onto organic matter (Achterberg et al.,
1997; Drever, 1997, Warren and Haack, 2001) and various sulfide phases
(Drever, 1997; Lee et al., 2005; Morse and Luther, 1999). According to Morse
and Luther (1999), in anoxic or sulfidic sediments, Cu forms various copper
sulfides (i.e. chalcocite, covellite) and copper-iron sulfide minerals
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(chalcopyrite and bornite). Copper will also form monoclinic carbonates such
as malachite and azurite (Drever, 1997; Klein, 1977)
Copper data was not obtained for the Pleistocene shrimp burrow core.
Cu concentrations increase by several orders magnitude from the infill to the
inner burrow wall. Concentrations at the outer burrow wall and in the
ambient sediment are the same for all the burrows. Cu strongly complexes
to organic matter and the high concentrations in the burrow wall could be
indicative of this or with AVS formation. High Fe concentrations at the inner
burrow wall seem to correlate FeS formation. The increase at the burrow
wall is reflected in many of the metals tested and most likely indicates
association with organic matter, acid-volatile sulfides, and/ or carbonates.

Nickel

Under oxic or suboxic conditions, Ni sorbs to Mn oxides (Tessier et al.,
1996; Kay et al., 2001; Tonkin et al., 2004). Under more reducing conditions,
Ni tends to associate with sulfide minerals (e.g. Morse and Luther, 1999;
Schoonen, 2004) or carbonates (Green-Pedersen et al., 1997). Ni may also
associate with organic matter though not as strongly as copper (Drever,
1997).
Nickel was obtained for the Pleistocene shrimp burrow core (figure
4.7). The lateral variation in Ni correlates strongly with that of Cr at 2.5 cm
depth (R2 = 0.99). Ni variation is also somewhat correlated with Fe at 2.5 cm
depth (R2 = 0.78). Nickel concentrations do not correlate well with any of the
other elements at 5.0 cm depth, although Mn, Cr, and to a lesser extent Fe,
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have similar increases in concentration at the outer burrow wall and between
4.0 and 5.0 cm from the center of the infill. The strong correlation with Cr
and lesser correlation with Fe, suggests that Ni is associated with hydrous
manganese oxides. A significant fraction may also bind to OM, as indicated
by the increase in Ni observed for some of the transect depths at the inner or
outer burrow wall. Cu was not obtained for this sample and would help to
confirm the organic matter association. The sharp increase in Mn, Fe, Cr and
Ni between 4.0 and 5.0 cm lateral distance in the 1.5 cm depth interval
suggests that a heterogeneous patch of sediment is encountered, with more
organic matter and/ or more oxidized conditions, similar to that found in the
burrow wall environment.
The lateral changes in Ni concentration in BS #1 (figure 4.21), BS #2
(figure 4.22) and BS #3 (figure 4. 23) are similar to those of Cd (measured in
BS #1 only), Cr, and Pb. As described above, this suggests that nickel may be
associated with OM, and that elevated accumulation of organic matter at the
inner edge of the burrow wall is responsible for the sharp increase in Ni.
There is also some correspondence with lateral changes in Fe and with Co
(within the burrow wall and ambient sediment, BS #1 only) suggesting some
formation of sulfides within the burrow wall and out into the ambient
sediment.

Lead
Lead strongly adsorbs onto Fe and Mn oxides, forms sulfides, binds
strongly to organic matter and can form solid solutions with carbonate and
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aluminosilicate phases (Drever, 1997). In oxic or suboxic zones, Pb typically
partitions onto Fe and Mn oxides or organic matter, or sometimes
carbonates, and becomes immobile, forming sulfides, in anoxic sediments.
Lead data was not obtained for the Pleistocene shrimp burrow core.
The burrow scrapings (figures 4.25, 4.46, 4.27) shows an increase of lead at the
inner burrow wall and a decrease towards the outer BW and into the ambient
sediment for all depths and the concentrations for all are nearly identical.
Similar profiles for Fe, Pb, Cr, Ni, and Cd suggest the presence of increased
OM and associated elements at the burrow wall. Lead association with Fe, Ni,
Co, and Cd indicates a possible association with sulfides.

Chromiwn

Cr strongly sorbs onto hydrous ferric and manganese oxides in
suboxic conditions (Dzombak and Morel, 1990) and binds to organic matter
(Achterberg et al., 1997). In anoxic sediments, Cr may be associated with
sulfides, but it low reactivity with this phase limits incorporation with pyrite
minerals (Morse and Luther, 1999), and it is more frequently bound to
organic matter.
Cr concentrations were obtained for the Pleistocene shrimp core
(figure 4.4). At 1.5 cm depth, Cr is highly correlated with Ni (R2 = 0.92).
Increased concentrations within the inner burrow wall suggest accumulation
with Fe and other elements onto organic matter. At 2.5 cm depth, Cr has a
strong correlation with Ni and Mn (R2 = 0.99 and 0.97) and has a good
correlation with Fe (R2 = 0.74). The high correlation of Mn compared to Fe
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suggests a stronger association with Mn oxides. As noted above, Mn and Ni
show increased concentrations in the outer BW and at 4 - 5 cm away from the
infill consistent with the presence of organic matter and/ or the presence of
Mn oxides formed from contact with dissolved oxygen.
The in-situ scrapings all show an increase from the infill to the inner
BW and a decrease from the outer BW into the ambient sediment. The
increase at the burrow wall is consistent with binding to OM. Organic matter,
Fe and Mn oxides, and, less frequently, sulfides could all have associated Cr.
The sharp increase in Cr at the burrow wall is suggestive of increased organic
matter at this interface.

Zinc
Zn is often found with Fe and Mn oxides in suboxic environments and
with sulfides in anoxic sediments. Carbonates such as smithsonite may form
in highly reducing conditions (Drever, 1997). Dissolution of sulfide minerals
and carbonates can liberate Zn(II), making it highly mobile (Morse and
Luther, 1999). Dissolved Zn can then be bound with organic matter
(Achterberg et al., 1997; Drever, 1997).
Data for Zn was obtained only for the Pleistocene shrimp burrow core
(figure 4.5). Zinc profiles are similar to those of Mn and Cr at the top of the
burrow, consistent with Zn and Cr adsorption onto hydrous Mn oxides. As
for Mn, in the deeper sediments there is no consistent change in
concentration across the infill-ambient sediment transect.
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5.2 Upogebia Shrimp Burrow
Iron
Both ascorbic and HCl extracts were obtained for Fe and for some
trace metals (figures 4.34 and 4.40 respectively). AEF is high at the burrow
wall/water interface and is greater at shallower depths. This is consistent
with an oxidized burrow wall environment, with precipitation of amorphous
Fe(III) oxides from contact with dissolved oxygen. An accumulation of
organic matter towards the surface and at the burrow wall could also help to
explain the increase, if the extracted Fe was associated with organic matter.
Although a zone of organic matter is not visually apparent at the
burrow wall, LOI analysis indicates a concentrated amount of organic matter
(>3%) at the BWI that decreases with increasing distance from the burrow
wall (<2%). The presence of OM could be there possibly from shrimp
excretions or from matter that is brought down into the burrow. Cu and Pb
are elevated near the burrow wall and would confirm the presence of OM,
but they occur at different depths. Some plant matter (as well as shelly
material) was observed through out the sampled core, but a concentrated
amount within the burrow wall was not discerned during analysis. Bacteria
are known to accumulate in burrow walls (Aller and Yingst, 1978) and
contribute to the oxidation and reduction of metals and organic matter. Thus,
the elevated AEF at the burrow wall is consistent with increased oxidation of
Fe at the burrow-sediment interface, or with accumulation of Fe bound to
organic matter and/or bacteria at the burrow surface.
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In contrast to AEF, there is very little variation in HEF with distance
from the BW. The exception occurs between 5 and 15 mm in the 4.0 cm depth
transect. The high levels of HEF are concurrent with elevated HO-extractable
Mn, Cr, Ni and to a lesser extent Pb and Zn. This suggests that a
heterogeneous patch of the sediment is encountered, perhaps containing
. some sediment enriched in sulfides, or possibly carbonates.

Manganese
Ascorbic-extractable Mn is correlated with Fe at 4 cm (R2 = 0.76), 10 cm
(R2 = 0.85), and at 22 cm depth (R2 = 0.90). Mn is weakly correlated with Cr at
10 cm depth and no other correlations are better than R2 = 0.68. Amorphous
Fe and Mn oxides could be present, and the decrease with depth farther from
the burrow suggests increasingly reduced conditions. Bacteria could be a
major influence in metals distribution because these are actively irrigated
burrows. Like AEF, Mn is high at the burrow wall/ water interface
suggesting organic matter or FMO accumulation. Mn could also be
associated with carbonates or sulfide minerals or with another phase that can
not be uniquely determined from extraction data alone.
HCl-extractable Mn has a strong correlation with HO-extractable Fe at
all depths (R2 = 1.0, 0.85, and 0.87 with depth), and with Ca at 10 and 22 cm
depths (R2 = 0.81 and 0.86). This suggests that the three elements partition
into the same HCl-extractable mineral, possibly a carbonate phase or leached
from aluminosilicates.
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Cakiwn

In contrast to ascorbate extractable Fe and Mn, there is relatively little
change in ascorbate extractable Ca across the transects. Ascorbic-extractable
Ca (figure 4.36) has a good correlation with Kat 10 cm depth (R2 = 0.86) and
with Fe at 22 cm depth (R2 = 0.78). A slight increase at the BW is observed at
22 cm depth and could be associated with the presence of carbonates. HO
extractable Ca (figure 4.42) data was partial at 4 cm and was not evaluated for
correlations. At 10 cm depth, Ca has good correlation with Mn (R2 = 0.81)
and Fe (R2 = 0.91). At 22 cm depth, Ca is only correlated with Mn (R2 = 0.86).
Lack of variability and correlation with other metals suggests association with
aluminum silicates and/ or carbonates.

Potassiwn

Ascorbate-extractable K(figure 4.37) has a good correlation with Ca at
10 cm depth (noted above) and a weaker correlation with Zn (R2 = 0.72) and
Cr (R2 = 0.69). There is no correlation with any of these at 4 and 22 cm depth.
An association with carbonates and aluminosilicates is possible at 10 cm.

Cobalt

Ascorbate-extractable cobalt (figure 4.38) has an excellent correlation
with nickel at 10 cm depth (R2 = 0.99). Co was not analyzed at 4 cm depth
and data for 22 cm depth did not pass quality control. Although Co and Ni
may adsorb to FMO, neither is elevated near the BW, as are ascorbate
extractable Fe and Mn. Rather, both increase in the outermost sediments,
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which might indicate formation of sulfides in the more reduced environment
of the ambient sediment. Surprisingly, there is no such increase in Fe or Mn
in this interval. HCl-extractable Co (figure 4.48) has some correlation with
Cu at 22 cm depth (R2 = 0.72); both have a sharp increase between 5-10 mm
distance from the burrow edge. However, this increase is not clearly
observed in any of the other metal distributions, so it is not clear what phase
contributes the Co and Cu.

Chromium
Ascorbate-extractable Cr was not obtained. HCl-extractable Cr (figure
4.43) is correlated with Fe, Mn, Ni, and Pb at 4 cm depth (R2 > 0.93). At 22 cm
depth, Cr is correlated only with Ni (R2 = 0.94). At 4 cm depth, a peak
between 5 and 15 mm from the BW is also observed for Fe, Mn, Ni, and Pb
and could be due to a peak in sulfides or carbonates.

Nickel
Ascorbic-extractable nickel (figure 4.39) is correlated with Mn (R2 =
0.95) at 4 cm depth and with Co at 10 cm depth (R2 = 0.99). Data at 22 cm
depth was not obtained. Ni seems to be adsorbed to Mn oxide or associated
with a Mn sulfide or carbonate phase at 10 cm depth. HCl-extractable Ni has
a strong correlation with Fe, Mn, Cr, Pb (R2 > 0.93) and Cu (R2 = 0.84) at 4
mm depth. Ni is weakly correlated with Cr at 10 cm depth (R2 = 0.67) but has
a strong correlation at 22 cm depth (R2 = 0.93). Because Cr is not typically
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associated with sulfides, this correlation suggests Ni adsorption onto OM or
oxides.

Copper
Data is available for the HCl-extraction only. Copper is correlated
with Fe, Mn, Ni, Cr, and Pb (R2 > 0.84) at 4 cm depth. This suggests that these
metals are all in the same phase, either bound to organic matter or possibly
sulfides. Cu is weakly correlated with Co (R2 = 0.73) at 22 cm depth, again
suggesting the presence of sulfides. A sharp peak is observed at 22 cm depth
at the burrow wall and around 10 mm distance and could be indicative of
OM.

Lead
HCl-extractable Pb (fi gure 4.46) is correlated with Fe, Mn, Cr, Cu, and
Ni (R2 > 0.90) at 4 cm depth, suggesting that these metals are all in the same
phase, either associated with Fe and Mn oxides and/ or acid-volatile sulfides.
There is relatively little change in Pb concentration across the profile,
suggesting little change in AVS levels at this depth. At 10 cm depth, a spike
near the burrow wall could be associated with AVS.
Zinc
HCl-extractable Zn (figure 4.47) shows a sharp peak (just one
datapoint at 4 cm and 2 at 10 cm depth) near the burrow wall that might
indicate binding to OM or oxides formed at the burrow wall. A peak
between 5 and 15 mm distance is similar, but less pronounced, with Fe, Mn,
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Pb, Ni, and Cr and is discussed above. Zinc has some correlation with Fe (R2
= 0.70) and Pb (R2 = 0.65) at 10 cm depth, again indicating the possibility of
adsorption onto Fe oxides or association with Fe sulfides.

5.3 Fiddler Crab Burrows

Iron
Only single step HO-extractions were obtained for the fiddler crab
burrows. Fe concentrations for fiddler crabs #1 - 4 are presented in figures
4.49 - 4.52. The Fe concentrations and profiles are similar in the replicate
burrows. Fe concentrations are. consistently between 7000 and 8000 µg / g
sediment across the transects at 2.5 cm depth. At 8.5 cm depth, Fe
concentrations of burrows #2, 4 and, especially, 1 are elevated near the
burrow wall, but are otherwise very similar to the 2.5 cm profile. These peaks
in iron concentration near the BW could indicate accumulation of Fe oxide in
the more oxidizing conditions at the BW. The profile of Fe at burrow #2
correlates reasonably well with those of Mn (R2 = 0.86), consistent with the
formation of oxides, although an equally good correlation of HCl extractable
Fe with Ca could be due to the presence of Fe in carbonates. Burrow #3 has
strong Fe correlations with Mn and Cr at 8.5 cm depth (R2 = 0.88 for both)
and with Mn at 2.5 cm depth (R2 = 0.87). The lack of lateral variability, and
the correlation with Mn and Cr, suggests that the Fe is associated with the
same phases, whether clays, sulfides, oxides or a mixture of the three across
the profile. HO extractable Fe in burrow #4 has a good correlation with Ca
and K at 2.5 cm depth and with all metals tested at 8.5 cm depth. Association
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of Fe with carbonates is possible near the surface. At 8.5 cm depth, many
phases coul9- be present.
The spike in concentration at the burrow wall could be from Fe and
Mn hydr(oxides), as mentioned above. However, increased concentrations of
acid-volatile sulfides or organic matter or some combination of these could
also be responsible for the increase, especially given that many metals (see
below) have elevated concentrations near the BW. Organic matter that is lost
°
on ignition (LOI at 550 ) was analyzed from a different burrow sample, but is

believed to be from the same fiddler crab species. This burrow did not show
any variability across the profile and the concentrations at the burrow wall
and ambient sediment are similar (~16-18%LOI). This seems to indicate that
the spike in metal concentrations at the burrow wall was most likely not due
to binding with organic matter. An analysis of metals plus organic matter
taken from the same samples would confirm or negate the relationship
within the crab burrows. This spike could indicate oxidation from passive
irrigation of burrows during high tide or possibly from metals adhering to
the bacteria lining the burrow walls.

Manganese

The profiles of Mn for burrows #1, 2 and 3 show more lateral
variability than Fe profiles. The average concentration of Mn is similar in all
four burrows. There is not a consistent dependence of Mn concentration on
distance from the burrow wall, although there does appear to be some
increase near the burrow wall at the deeper transect of burrows #1 and #4,
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consistent with the increase in Fe observed for these two burrows. A large
decrease in HCl extractable Mn occurs between 25 and 35 mm from the
burrow wall at 2.5 cm depth is observed for burrow #1, but does not occur in
other metal profiles. Lack of correlation with most other metals makes it
more difficult to determine the cause of this lateral variation.

Calcium

Calcium profiles for fiddler crabs are shown in figures 4.57 - 4.60. The
concentrations for all the burrows start at ~2000 microg/ g, except crab #4
which starts at 4000 microg/ g before decreasing to ~2000 microg/ g. Ca has
little lateral variation or with depth for all burrows other than crab #4. Lack
of variability suggests that Ca is in the same phase from the burrow wall into
the ambient sediment. At 8.5 cm depth, Ca is correlated well with Pb, K and
Mn (R2 = 0.99, 0.96, and 0.95). These metals are all in the same phase with Fe,
Mn, probably aluminosilicates and/ or carbonates.

Potassium

Potassium concentrations are shown in figures 4.61 - 4.64. These
burrows have similar concentrations, ~1600 - 1800 micorg/ g, across the
transects. There is little variation from the burrow wall into the ambient
sediment and with depth. Crab #1 does have a dip in concentration between
15 and 25 mm distance at 2.5 cm depth and is not observed for other metals.
This dip could indicate a change in aluminosilicate or clay minerals that is not
influencing other metals. Crab #4 has an increase at the burrow wall (~3200
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microg/ g) at 8.5 cm depth and high correlations with Fe, Mn, Ca, and Pb
indicates these metals are in the same phase with Fe, Mn, possibly
aluminosilicates and/ or carbonates.

Nickel, Cobalt, and Copper

Ni, Cu, and Co are all elevated near the burrow wall, except in the
deeper profile of burrow #2 (fi gures 4.65-4.68, 4.69-4.72 and 4.73-4.76). Ni
and Cu are often strongly associated with OM and sometimes with sulfides.
Although Pb is sometimes also associated with organic matter, Pb is not
similarly increased in concentration near the BW. As stated above, the lack of
variability in organic matter for the LOI analysis suggests that OM is not a
factor in the elevated concentrations near the BW.
Fiddler crab #1 has high correlation between Ni, Cu, and Co (all have
R2 = 0.99 at 2.5 cm depth and 1.0 at 8.5 cm depth). Fiddler crab #2 has strong
correlations between Ni, Cu, Co and Pb at 2.5 cm depth (R2 > 0.83).
Correlations are less robust at 8.5 cm depth, but Ni-Cu and Co-Cu still exceed
R2 = 0.64. Ni-Co have good correlation at R2 = 0.87. Fiddler crab #3 has high
correlations between all three at 2.5 and 8.5 cm depth (R2 > 0.97). Ni and Co
readily reacts with Fe oxides, but Cu is more likely to react with sulfides and
organic matter. All three can form carbonates in anoxic environments, but
the lack of correlation with Ca suggests that elevated carbonate is not the
source of the high concentrations of these elements near the burrow wall.
More likely, these are increased at the burrow wall due to formation of Fe
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oxides at the inner BW for crab #3, with sulfides for crabs #1 and 2, and could
indicate the presence of bacteria.

Chromium
Chromium concentrations are shown in figures 4.77 - 4.80. They are
generally similar in all four burrows, with ~2.5-3 microg/g Cr in most of the
transects. The exception occurs in burrow #4, which has elevated Cr
concentrations near the burrow wall at 8.5 cm depth, similar to the increase
observed for Mn and several other elements (e.g. Pb), perhaps due to
elevated levels of Mn carbonates or another phase adjacent to the burrow
wall.

Lead

Lead concentrations are shown in figures 4.81 - 4.84. The profiles of
lead are relatively constant across the transect at both depths for all burrows,
with the exception of an elevated Pb concentration adjacent to the burrow
wall at 8.5 cm depth in burrow #4 (similar to elevated Cr, Mn). Trends in
HCl-extractable Pb in fiddler crab #2 correlate well with Ni at 2.5 cm depth
and with Cr at 8.5 cm depth (R2 > 0.80 for both). Phases containing Pb, Ni,
and Cr could include Fe/Mn oxides, organic matter, or possibly acid-volatile
sulfides. Fiddler crab #3 also has a strong correlation with Cr at 2.5 cm depth
and with Ca at 8.5 cm depth. In general, there is little difference in Pb
concentration near the fiddler crab burrow wall compared to the ambient
sediment at 2.5 and 8.5 cm depths.
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Zinc
Zinc concentrations were only tested for fiddler crabs #1 and #2
(figures 4.85, 4.86). There is no correlation with any metals for both burrows
at both depths. There is no significant elevation of Zn at the BW for either
burrow.

5.4 Conclusion
This study demonstrated differences in metal distribution along the
burrow wall and within the bulk sediment between the three sites as well as
within the same species. The differences between the sites are attributed
mainly to grain size, mineralogy, and organic matter content. The species
behavior in respiration, feeding, and burrow construction is important in
influencing the efficiency of bioirrigation within the burrows and thus the
distribution and adsorption of redox-sensitive metals along the burrow walls.
This behavior can be seen in the difference in metal retention between the
modem and ancient shrimp as well as within the crab species.
While the sediment type is significant in determining metal
accumulation and distribution, the role of shrimp-produced organic matter in
sequestering metals along burrow walls is significant in sandy substrates that
121

otherwise has little retention of organic matter. This is especially important
near industrial zones and in coastal areas where buried waste could be
penetrated by burrowing organisms. The Callianassa shrimp secreted a
muciod-like substance that was significant in metal sequestering as is
observed by the sharp spike in metals within the burrow wall. This muciod
substance was typical in building burrows within sandy substrates (Frey,
1971; Griffis and Suchanek, 1991).
The ambient sediment, however, demonstrated different properties
compared to the burrow wall. The permeability of the medium to fine
grained sandy substrate allows for rapid flushing of organic material and
nutrients and is observed through the lack of metals and organic matter
during analysis. Some amorphous iron and to a lesser extent Mn is coating
the quartz grains while elevated levels of Ca and K indicate association with
carbonates and/or aluminosilicates.
The role of organic matter in sequestering metals within the marshes is
less obvious. While organic matter lining burrow walls seem to be an
important factor in retaining metals at Raccoon Bluff, the mineralogy and
grain size were the main factors within the marshes. Fine-grained sediments
such as silt and clay offer more surface area for metal adsorption. Mixed-
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layer clays also absorb metals thus incorporating them into their crystalline
structure. The Upogebia burrow showed HCl-extracted Fe, Mn and Ca to be in
the same phase indicating association with carbonates and/or
aluminosilicates. The fiddler crab burrows (Uca sp.) also showed metal
correlations with aluminosilicates, carbonates, and acid-volatile sulfides.
The distribution of metals along the burrow walls did seem to
demonstrate some influence from bioirrigation. The Pleistocene shrimp
burrow experiences passive burrow irrigation due to the waxing and waning
of tides. The mineralized organic matter and the high amount of amorphous
Fe and associated metals in the burrow wall and the surrounding bulk
sediment indicates that there is a cycling of oxygenated water into reduced
environments releasing metals that are then reoxidized. After the tide
recedes, the pore waters become stagnant with depth producing amorphous
Fe-sulfide minerals. This continuous recycling of metals makes crystal
formations difficult.
The modern shrimps seem to be actively irrigating the burrows during
feeding and burrow construction thus bringing oxygen further into the
burrow. Their activities allows for oxygen to irrigate greater depths
compared to the passive irrigation of the Pleistocene burrow. AU-shaped
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burrow near the surface would also allow greater movement of oxygenated
water compared to the vertical shafts of the Callianassa burrows. The low
permeability of the burrow walls (from compacted fine-grained material
during shrimp activities) may also influence the advection of oxygenated
waters through the burrow (Aller, 1983; e.g. Kristensen and Kostka, 2005).
The presence of amorphous Fe and Mn with depth indicates oscillating
redox conditions within the burrow. The upper 10 cm seems to be an oxic to
suboxic environment as indicated by the formation of iron oxides with metals
Mn, Ca, Zn, and Pb. While metals associated mainly with sulfides or other
phases occur at 22 cm depth indicating the lack of dissolved oxygen, the
presence of amorphous material and lack of crystallization along the BWI
indicates a steady influx of oxygenated water.
Crabs are not active bioirrigators and any irrigation of burrows would
come from the waxing and waning of tides. However, inhabited burrows are
capped with sediment to prevent flooding of the burrows and the lack of
oxygenated water prevented the formation of Fe and Mn oxides along the
burrow walls. Some metals such as Ni, Co, Pb, and Cu are within the same
phase for burrows #3 and #4 and are most likely associated with sulfides,
aluminosilicates, and/or carbonates. Burrow #4 shows a sharp spike in metals
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at the burrow wall at 8.5 cm depth that is likely due to AVS formation and/or
bacteria. Since these burrows were extracted with only 0.5M HCl, the
crystallinity and phase of these metals can not be determined.
Comparison of paleoenvironments between the modern and ancient
shrimp burrows are difficult to assess due to possible diagenetic overprinting.
This study found that accumulation of iron and manganese hydroxides are
several-fold higher in the modern shrimp burrow. Although changes in
industrialization and the content of oxygen in the atmosphere could be
attributed to the difference in magnitude, the diffusion of metals within the
sandy substrate of the Pleistocene burrow and differences in mineralogy and
grain size makes determination difficult.
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